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Abstract

Metabolic diseases such as obesity and type 2 diabetes are a global healthcare
and economic burden affecting over 1 billion individuals worldwide. These
diseases are characterised by excessive accumulation and dysfunction of adipose
tissue, leading to impaired metabolic regulation and severe downstream
consequences for patients. Low level chronic inflammation of adipose tissue is
an important hallmark of metabolic disease, and there is growing evidence that
metabolite-sensing G Protein-Coupled Receptors (m-GPCRs) can regulate
metabolic function through autocrine and paracrine signalling loops. However, it
has been challenging to dissect these complex signalling networks using
traditional 2D cell culture or in vivo experimental models. This thesis aimed to
address this gap by engineering and validating an innovative 3D in vitro model of
adipose tissue suitable for investigating the role of m-GPCRs in metabolic
disease.

First, a series of novel genetically encoded NanoBiT biosensors were designed
and optimised to quantify real time signalling of unmodified GPCRs in live cells.
Next, spheroids were generated by seeding human Simpson Golabi Behmel
Syndrome (SGBS) preadipocytes in ultra-low adhesion plates and differentiating
them into adipocytes. Comprehensive morphological, transcriptional and
protein-level characterisation demonstrated that spheroids accumulate lipid
droplets and upregulate key markers of adipogenesis during differentiation.
Critically, the differentiated spheroids show characteristic adipocyte functions,
including B-adrenergic-stimulated lipolysis, and insulin-stimulated glucose
uptake. To mimic a metabolic disease-relevant phenotype, spheroids were
treated with Tumor Necrosis Factor which induced a pro-inflammatory, insulin
resistant microenvironment, and revealed upregulation of the FFA4 receptor in
disease-relevant conditions. Finally, the role of m-GPCRs in adipogenesis and
lipolysis could be defined by treating adipocyte spheroids with pharmacological
tool compounds, and genetically encoded biosensors were incorporated to

directly measure receptor signalling in adipocytes.

Overall, a novel human adipocyte spheroid platform has been developed which
has allowed the investigation of m-GPCR function within a physiologically- and

disease-relevant context. This therefore provides a strong foundation to



iii
interrogate the complex metabolic-immune signalling networks within adipose

tissue, and may ultimately lead to new GPCR-focused therapeutic strategies for

metabolic disease.
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1 Introduction



1.1 Metabolic Diseases

1.1.1 Overview

Metabolic diseases such as obesity and type 2 diabetes (T2D) represent one of
the biggest current global healthcare and economic challenges. Over 1 billion
individuals worldwide are currently living with obesity, and over 530 million
living with T2D, with the prevalence of both continuing to rise (International
Diabetes Federation, 2025; World Obesity Federation, 2025). Metabolic diseases
are life limiting conditions characterised by excessive accumulation of adipose
tissue leading to impaired metabolic regulation, and are highly associated with
an increased risk of serious health conditions including cardiovascular disease,
some cancers and metabolic dysfunction-associated steatotic liver disease
(MASLD) (Guh et al., 2009; Institute for Health Metrics and Evaluation, 2024;
World Health Organisation, 2025). Furthermore, it is thought that obesity and
associated conditions cost the UK economy £126 billion per year through both
direct healthcare costs and indirect costs of reduced productivity and quality of
life (Bone et al., 2025).

Although treatments for metabolic diseases are available, these typically act
indirectly through e.g. suppression of appetite or reduction of blood glucose
levels rather than directly addressing metabolic dysfunction in adipose tissue
(Gupta and Chen, 2023; Peri and Eisenberg, 2024a). There is therefore a pressing
need to better understand the molecular and cellular mechanisms of these
diseases in order to develop more effective treatment options and reduce their

burden on global populations.

1.1.2 Pathophysiology

Metabolic diseases are typically driven by an imbalance between an individual’s
energy intake and expenditure, leading to excess accumulation of adipose tissue
and downstream functional impairment (Peri and Eisenberg, 2024b). This
imbalance is often caused by dietary overconsumption of foods high in fat and
sugar but can also be influenced by a person’s genetics (Loos and Yeo, 2022) as
well as environmental and lifestyle factors (Nicolaidis, 2019). Obesity and
related conditions are therefore complex and multifactorial, highlighting

challenges to their successful treatment (Peri and Eisenberg, 2024b). A failure of



the body to effectively regulate this chronic energy surplus ultimately leads to

systemic metabolic consequences.

In normal physiological conditions, energy homeostasis is maintained by a
complex interplay of hormonal factors between metabolic and endocrine tissues
including the pancreas, adipose tissue, the liver and skeletal muscle (Persaud
and Jones, 2022). When blood glucose levels increase, insulin is released by
pancreatic B-cells, which promotes glucose uptake to adipose and muscle tissues
through a signalling cascade resulting in translocation of the insulin-regulated
glucose transporter, GLUT4, to the cell surface (Klip et al., 2019). Excess
glucose can then be stored as triglycerides in adipocytes or glycogen in liver and
muscle. In periods of fasting, the process is largely reversed by the production of
glucagon from pancreatic a-cells, stimulating the breakdown of glycogen in the
liver and increased blood glucose (Persaud and Jones, 2022). In metabolic
disease, energy homeostasis is disrupted, leading to elevated blood glucose
levels primarily caused by the body becoming resistant to circulating insulin
(Petersen and Shulman, 2018).

Insulin Resistance (IR) is defined as a pathophysiological state of abnormal
insulin response, whereby insulin-dependent cells become less able to take up
glucose from the circulation, leading to elevated blood glucose levels (Yaribeygi
et al., 2019). During obesity, the expansion of adipose tissue leads to cellular
stress, ectopic lipid accumulation, and recruitment of inflammatory cells leading
to release of pro-inflammatory cytokines, which have all been reported to
contribute to the generation of IR (Goedeke et al., 2016; Yaribeygi et al., 2019).
Beyond the local impacts of these stresses in adipose tissue (discussed later),
insulin resistance in adipose can have a systemic impact on other tissues
(Petersen and Shulman, 2018). For example, insulin suppresses lipolysis in
adipose tissue, and dysregulation of this process leads to elevated circulating
lipid levels (Petersen and Shulman, 2018). This can lead to ectopic fat
deposition, or deposition of lipid in normally lean tissues such as liver and
muscle, contributing to increased cardiovascular risk and lipotoxicity (Lim and
Meigs, 2014; Neeland et al., 2018, 2019). Furthermore, higher circulating insulin
levels add strain to pancreatic B-cells resulting in their dysfunction and eventual
death (Eizirik et al., 2020). If uncontrolled, this global metabolic dysfunction

results in prolonged hyperglycaemia and the clinical manifestation of T2D.



1.1.3 Clinical Outcomes

Clinically, obesity and T2D are major risk factors for the development of other
comorbidities including cardiovascular disease (CVD), liver disease, and some
cancers (Institute for Health Metrics and Evaluation, 2024). Overall, the life
expectancy of obese individuals is reduced by up to 14 years compared to
healthy weight individuals (Kitahara et al., 2014; Lung et al., 2019).

Obesity drives the development of CVD through multiple mechanisms causing
structural, functional, and haemodynamic changes to cardiac tissues (Lopez-
Jimenez et al., 2022). Obesity accelerates the development of atherosclerotic
plaques in the vasculature, leading to an increased incidence of coronary artery
disease and myocardial infarction (Henning, 2021). Furthermore, elevated blood
glucose levels driven by insulin resistance causes damage to the vasculature,
leading to retinopathy and nephropathy causing blindness and kidney disease
respectively (Rask-Madsen and King, 2013). Additionally, total blood volume and
cardiac output are increased in obese individuals, driving an increase in blood
pressure and ultimately can cause heart failure (Powell-Wiley et al., 2021).
Together, over two thirds of obesity-related deaths are attributed to CVD,
making CVD the most common cause of death for people with metabolic disease
(The GBD 2015 Obesity Collaborators, 2017; Powell-Wiley et al., 2021).

Metabolic dysfunction-associated steatotic liver disease (MASLD) and the more
severe form, metabolic dysfunction-associated steatohepatitis (MASH), describe
a spectrum of liver conditions formerly termed non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) (Syed-Abdul, 2023). These
conditions affect ~30% of the global population, with prevalence increasing in
line with similar trends in metabolic disease (Fazel et al., 2016; Younossi et al.,
2023). MASLD is thought to be primarily caused by ectopic lipid accumulation in
hepatocytes, and its progression to MASH driven by lipotoxicity and altered lipid
metabolism causing inflammation and ultimately leading to irreversible fibrosis
and development of hepatocarcinoma (Syed-Abdul, 2023). Consequently,
MASLD/MASH is a leading indication for liver transplantation and contributes
significant socioeconomic costs of over £4 billion per year in the UK (Morgan et
al., 2021; Younossi et al., 2024; Le et al., 2025).



Patients with T2D have increased risk of developing several long-term
complications (International Diabetes Federation, 2025). As mentioned,
hyperglycaemia can cause damage to systemic blood vessels, leading to CVD,
blindness and kidney failure (Rask-Madsen and King, 2013; Diabetes UK, 2025). A
further consequence is the development of diabetic neuropathies, when the
vasculature surrounding nerves becomes damaged leading to dysfunction in
peripheral nerves and loss of sensation (Boulton et al., 2005). Diabetic
neuropathies are the most common cause of diabetic foot ulcers which can
progress to severe infections requiring amputation (Kim, 2023; Rashki et al.,
2025).

Overall, these clinical outcomes highlight the systemic nature of metabolic
disease, leading to a high incidence of comorbidities in patients. There is
therefore a pressing need to improve our understanding of these conditions and

develop more effective therapeutics to address this severe healthcare burden.

1.1.4 Current Treatments

The initial management of metabolic diseases is through lifestyle and
behavioural interventions such as dietary caloric restriction and increased
physical exercise to reduce weight and improve metabolic health (Gupta and
Chen, 2023; Peri and Eisenberg, 2024a; National Institute for Health and Care
Excellence, 2025). Pharmacological intervention is recommended to treat
obesity in patients who have been unsuccessful in reaching a sufficient weight
loss target, typically >5% body weight within 6 months (Gupta and Chen, 2023;
Tchang et al., 2024). In T2D, first line medications are offered when a target
level of glycated haemoglobin (HbA1c) is not achieved through lifestyle and diet
alone (National Institute of Health and Care Excellence, 2022). Examples of
current approved pharmacological agents for treatment of obesity and T2D in
the UK are described in Table 1.1.
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Table 1.1 - Current approved pharmacological agents for treatment of obesity and T2D in the
UK. Adapted from National Institute of Health and Care Excellence guidelines.

Disease | Drug Class Examples (Trade Names) | Mechanism of Action
- Orlistat (Xenical) Pancreatic lipase
= inhibitor reduces fat
3 absorption
o

GLP-1 Receptor

Liraglutide (Saxenda),

Stimulates insulin

Agonists Semaglutide secretion, inhibits
(Wegovy/0Ozempic) glucagon secretion,
a and promotes satiety
~ | GIP/GLP-1 Tirzepatide Stimulates insulin
"i Receptor Agonists | (Mounjaro/Zepbound) secretion, inhibits
£ glucagon secretion,
g and promotes satiety
© SGLT2 inhibitors | Canagliflozin (Invokana), |Inhibit glucose
Dapagliflozin (Forxiga), reabsorption by the
Empagliflozin (Jardiance), |kidney, resulting in
Ertugliflozin (Steglatro) glucosuria
Metformin N/A Inhibits
gluconeogenesis in
the liver, resulting in
reduced blood
glucose
Sulfonylureas Gliclazide (Diamicron), Insulin
Glimepiride (Amaryl), secretagogues,
Glipizide (Glucotrol), increase insulin
Tolbutamide (Orinase) release by pancreas
by inducing closure of
a ATP-sensitive
~ potassium channels

DPP-4 Inhibitors

Alogliptin (Vipidia),
Linagliptin (Trajenta),
Saxagliptin (Onglyza),
Sitagliptin (Januvia),
Vildagliptin (Galvus)

Inhibits degradation
of incretins GLP-1
and GIP, resulting in
increased insulin
release

Thiazolidinediones

Pioglitazone (Actos)

PPAR agonists,
increases fatty acid
storage in adipocytes
and improves insulin
sensitivity

Many of the treatments for obesity and T2D listed in Table 1.1 do not directly

address metabolic dysfunction in adipose tissue, but rather act indirectly to

reduce appetite, stimulate insulin secretion or reduce blood glucose levels



(Gupta and Chen, 2023). The notable exceptions to this are the
thiazolidinediones, which act on adipocytes to increase adipogenesis and
improve insulin sensitivity (Soccio et al., 2014). Unfortunately, many
thiazolidinediones are associated with safety concerns, with rosiglitazone
withdrawn from the European market for cardiovascular risk and pioglitazone
suspended in France and Germany due to increased bladder cancer risk (Marin-
Penalver et al., 2016). Furthermore, thiazolidinediones are associated with
weight gain, although insulin resistance is reduced even in patients gaining
weight (Wilding, 2006). These drugs continue to be approved in the USA, and
pioglitazone is in use in the UK. However, there is a clear opportunity for novel
therapeutics for metabolic disease which address the underlying pathology of

these disorders and therefore may provide a more curative treatment.

In summary, metabolic diseases are a major healthcare and economic burden
and existing treatment options do not address their underlying pathologies.
Adipose tissue plays a central role in metabolic regulation, and its dysfunction is
central to the development and progression of metabolic disease. Therefore,
improving our understanding of the physiology and mechanistic signalling of
adipose tissue may uncover new therapeutic strategies to address this global

challenge.



1.2 Adipose Tissue as a Metabolic Organ

1.2.1 Normal structure and function of adipose tissue
1.2.1.1 Adipose tissue structure

Adipose is a large and dynamic organ comprising 10-30% of the total body weight
of healthy individuals and may increase to over 70% of total body mass in obese
individuals (Sakers et al., 2022). Historically, adipose was often considered an
inert energy store, however in the past 50 years it has become known as a major
endocrine organ with crucial roles in the physiology of energy homeostasis
(Rosen and Spiegelman, 2014). Dysfunction of adipose tissue is highly associated
with the development of IR and metabolic disease (Trayhurn, 2013). Adipose
tissue can be broadly categorised into two main types - white adipose tissue
(WAT) and brown adipose tissue (BAT) - which differ in their cellular

composition, body distribution, and physiological functions.

WAT forms the majority of mammalian adipose tissue, and functions primarily to
store excess energy as triglycerides and regulate energy homeostasis. Most of
the tissue volume of white adipose tissue is made up of white adipocytes, which
have a unilocular appearance containing a single large lipid droplet which pushes
the nucleus and other organelles towards the plasma membrane (Figure 1.1). In
humans, WAT is predominantly located in two main regions: subcutaneous fat,
located around the body in the hypodermis region under the skin; and visceral
fat, which surrounds the internal organs (Lee et al., 2013b). Higher levels of
visceral fat are highly associated with the incidence of metabolic disease (Shah
et al., 2014). Rodent models are extensively used for in vivo studies of adipose
tissue function, however rodents have different adipose tissue deposits, with
inguinal and anterior fat pads typically used as a representative subcutaneous
tissue, and mesenteric and gonadal deposits representing visceral fat (Borgeson
et al., 2022) (Figure 1.2).

BAT is critical for temperature homeostasis as the site of non-shivering
thermogenesis in mammals, stimulated through B-adrenergic activation following
cold exposure, for example postnatally and following hibernation (Cannon and
Nedergaard, 2004). In contrast to white adipocytes, brown adipocytes contain

multiple, smaller lipid droplets and receive their colour from their high density



of mitochondria (Figure 1.1). Brown adipocytes express uncoupling protein 1
(UCP-1) which drives thermogenic activity by generating a proton ‘leak’ through
the mitochondrial inner membrane, thus dissipating the proton gradient set up
by the electron transport chain as heat while bypassing the generation of ATP
(Fedorenko et al., 2012). In humans, historically BAT was thought to only be
present in infants, however a series of studies within the past 20 years
confirmed its presence in adult humans and its presence inversely correlates
with incidence of obesity (Saito et al., 2020). Subsequently, research interest in
BAT has increased exponentially as a potential therapeutic avenue for obesity
and metabolic disease (Singh et al., 2021). BAT is primarily located in the
interscapular region of mice and supraclavicular region of humans, but deposits
can also be found in perirenal, paravertebral, periaortic and axillary areas
(Figure 1.2). The differences in adipose tissue distribution between mice and
humans may have significant consequences for their biology and highlights the
importance of human-relevant models in adipose tissue and metabolic disease

research (Borgeson et al., 2022).

More recently, beige (or brite) adipocytes have been described which have
features of both white and brown adipocytes, including a mixture of small and
large lipid droplets, a moderate number of mitochondria and measurable
expression of UCP-1 (Wu et al., 2012) (Figure 1.1). These are thought to develop
predominantly in subcutaneous WAT through the transdifferentiation - or
‘beiging’ - of white adipocytes in response to external cues including cold
exposure, diet or pharmacological agents (Richard et al., 2020). Beige
adipocytes are of particular interest for the treatment of metabolic disease, as
it is thought that inducing and activating beige adipocytes can increase
metabolic activity and promote glucose uptake and lipolysis, improving insulin
sensitivity and glucose homeostasis and therefore the clinical outcomes of
obesity and T2D (Cheng et al., 2021).
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White Beige Brown
e Unilocular e Few lipid droplets e Many lipid droplets
e Few mitochondria e Some mitochondria e Many mitochondria
e UCP1 negative e UCP1 positive e UCP1 positive

Figure 1.1 - Adipocytes are classed according to their hue. White, beige, and brown adipocytes
show distinct structural and functional differences.
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Figure 1.2 - Schematic diagram illustrating White and Brown Adipose Tissue deposits in
human (top) and mouse (bottom). Adapted from Borgeson et al., 2022; Torres Irizarry et al.,
2022 and BioRender templates.
In addition to adipocytes, adipose tissue contains a heterogenous mixture of

other cell types including preadipocytes, fibroblasts, endothelial and immune

11

cells, as well as extensive extracellular matrix (ECM) which can be isolated from



12

adipose tissue as the stromal vascular fraction (SVF) (Lee et al., 2013b;
Ramakrishnan and Boyd, 2018). These SVF cells outnumber the total number of
adipocytes, although white adipocytes comprise most of the tissue volume, and
are responsible for the support and regeneration of adipocyte populations
though vascularisation and innervation of the tissue (Rosen and Spiegelman,
2014). SVF cells can be easily isolated through low-speed centrifugation of
primary lipoaspirates and contain several multipotent cell types including
adipose-derived stromal cells (ADSCs) and endothelial precursor cells which have
been shown to self-assemble in vitro to form complex vascular networks (Koh et
al., 2011; Ramakrishnan and Boyd, 2018). Therefore, ADSCs and SVF have been
researched extensively for tissue engineering approaches (Ramakrishnan and
Boyd, 2018). Finally, adipose tissue also comprises a dynamic ECM of collagens,
fibronectin and laminin which can be remodelled and reorganised in response to

adipocyte expansion (Mariman and Wang, 2010; Ruiz-Ojeda et al., 2019).

Overall, the complex structure and cellular heterogeneity of adipose tissue
facilitate its crucial roles in energy storage and maintenance of homeostasis.
However, species-specific differences in adipose tissue deposits between humans
and rodents illustrate the need for human-relevant experimental models to

research human disease.

1.2.1.2 Metabolic roles of adipose tissue

Free fatty acids (FFAs) are crucial biomolecules with high oxidative potential
generating high energy yield, in addition to their vital roles in membrane
composition and as signalling molecules (Grabner et al., 2021). However, high
concentrations of FFAs, particularly saturated FFAs such as palmitic acid, can
exert cellular lipotoxicity by triggering an ER stress response and reducing
membrane fluidity (Obaseki et al., 2024). Consequently, FFAs are typically
stored esterified as neutral triglycerides (TGs), which can then be hydrolysed to
release FFAs for use in other organs when nutrient availability is low or energy
demand is high (Trayhurn and Beattie, 2001; Richard et al., 2020). This process
can occur in most cell types, but in mammals predominantly occurs in the
adipocytes of WAT (Grabner et al., 2021). Adipocytes can therefore respond to
nutritional and hormonal cues to maintain energy homeostasis through

lipogenesis or lipolysis to achieve energy storage or release respectively.
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Lipogenesis is the process by which cells, primarily adipocytes and hepatocytes,
convert carbohydrate substrates into fatty acids, and the subsequent
esterification of fatty acids and glycerol to form TGs for storage in lipid droplets
(Jeon et al., 2023). Fatty acids can either be synthesised de novo - through
repeated reduction of acetyl CoA by Fatty Acid Synthase to increase the length
of the carbon chain - or can be taken up the bloodstream following hydrolysis of
circulatory triglycerides from dietary or hepatic sources in lipoproteins by the
enzyme lipoprotein lipase (LPL) (Richard et al., 2020). The enzyme
diacylglycerol acyltransferase then catalyses the esterification of fatty acids and
glycerol, produced from glucose by glycolysis, allowing their storage as neutral
TGs (Richard et al., 2020) (Figure 1.3).

Conversely, lipolysis is the process by which adipocytes can mobilise stored TG
stocks as FFAs for use by peripheral tissues. TGs are sequentially hydrolysed to
diacylglycerols, then monoacylglycerols and finally to glycerol, releasing a single
FFA at each step. These reactions are catalysed by lipases, specifically adipocyte
triglyceride lipase (ATGL), hormone sensitive lipase (HSL) then monoacylglycerol
lipase (MGL) (Schweiger et al., 2006). The resulting glycerol and FFAs can either
be re-esterified in the adipocytes themselves or released to the circulation for
use in tissues such as the liver for gluconeogenesis or the muscles for oxidative
phosphorylation (Richard et al., 2020; Grabner et al., 2021) (Figure 1.3).

These processes are tightly regulated by nutritional and hormonal cues to
maintain energy homeostasis (Kersten, 2001). In the fed state, insulin is secreted
by the pancreas and promotes glucose uptake by triggering translocation of the
GLUT4 glucose transporter to the cell membrane, activates LPL to facilitate
hydrolysis of circulatory lipoproteins and increases transcription of lipogenic
enzymes through the transcriptional regulators SREBP1 and ChREBP (Czech et
al., 2013; Jeon et al., 2023) (Figure 1.3). Lipolysis can be stimulated by several
factors including hormones, neurotransmitters and cytokines, but is classically
driven by activation of B-adrenoceptors by noradrenaline and adrenaline which
leads to increased cellular cyclic AMP (cAMP) levels, activation of protein kinase
A (PKA), and subsequent activation of the lipolytic enzymes ATGL and HSL
(Richard et al., 2020; Grabner et al., 2021). Consequently, in the fed state,
insulin can inhibit lipolysis through activation of phosphodiesterase 3b (PDE3B)
which hydrolyses and reduces cAMP levels (Grabner et al., 2021) (Figure 1.3).
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Figure 1.3 - Lipogenesis and lipolysis are tightly regulated in adipocytes to maintain energy
homeostasis. Free fatty acids (FFAs) can be synthesised de novo or taken up from the circulation
and are esterified with glycerol by diacylglycerol acetyltransferase to be stored as neutral
triglycerides (TGs). Lipolysis is stimulated by noradrenaline and adrenaline activating a -
adrenoceptor signalling cascade, culminating in activation of protein kinase A activating lipolytic
enzymes. TGs are sequentially hydrolysed by adipocyte triglyceride lipase (ATGL), hormone
sensitive lipase (HSL) and monoacylglycerol lipase (MGL) to release FFAs and glycerol for use in
peripheral tissues. These processes can be regulated by insulin signalling, which promotes
lipogenesis by activating lipoprotein lipase (LPL), stimulating GLUT4 translocation, and
upregulating lipogenic enzymes, and inhibits lipolysis by activating phosphodiesterase 3B (PDE3B)
to reduce cAMP levels. Adapted from Richard et al., 2020.

Furthermore, adipose tissue has a critical role in thermal homeostasis. While
WAT acts as an insulating layer to prevent excessive heat loss (Gregory, 1989;
Trayhurn and Beattie, 2001), BAT is the major site of non-shivering
thermogenesis, providing a means for mammals to generate heat from stored
chemical energy in cold environments (Rosen and Spiegelman, 2014). It is

therefore clear that adipose tissue plays varied and essential metabolic roles in

the maintenance of energy homeostasis.
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1.2.1.3 Endocrine roles of adipose tissue

In addition to its metabolic roles, in recent years it has become clear that
adipose is a dynamic endocrine organ which plays an active role in the regulation
of energy homeostasis. Adipose tissue can express and secrete a number of
protein factors, termed adipokines, which are vital in the coordination of
metabolic responses through autocrine, paracrine, and endocrine communication
with distant tissues including the immune system and central nervous system
(Kershaw and Flier, 2004; Clemente-Suarez et al., 2023). To date, hundreds of
adipokines have been discovered through proteomic analysis of the adipose
tissue ‘secretome’, with several adipokines being investigated as biomarkers for

metabolic disease phenotypes (Lehr et al., 2012).

Leptin was the first adipocyte-secreted hormone to be identified with mutations
in its gene leading to obesity in ob/ob ‘obese’ mouse strains, and parabiosis
(whole blood transfer) experiments concluding that this effect was due to a
circulating factor (Zhang et al., 1994; Richard et al., 2020). Similarly, mutations
in the leptin receptor, expressed predominantly in the central nervous system
but also peripherally in hepatocytes and pancreatic B-cells, were identified as
the main driver for obesity in the db/db ‘diabetes’ mouse strain (Tartaglia et
al., 1995; Richard et al., 2020). Circulating leptin levels are strongly correlated
with body fat mass in both mice and humans, thus highlighting its role as a
sensor of available energy stores and allowing the regulation of appetite,
metabolism, and energy homeostasis (Frederich et al., 1995; Maffei et al.,
1995). The expression and secretion of leptin is tightly regulated, and leptin
signalling is responsible for decreasing body weight by reducing appetite and
increasing energy expenditure through behavioural and metabolic effects as well

as promoting inflammation (Rosen and Spiegelman, 2014).

Adiponectin is another highly expressed adipokine, with incredibly high
circulating concentrations of 2-20 ug/mL (Turer and Scherer, 2012). However,
unlike leptin, adiponectin secretion is inversely correlated with body fat,
meaning that lean individuals have higher circulating adiponectin than obese
individuals (Hu et al., 1996). Adiponectin receptors are widely expressed
throughout the body, including in the liver, immune cells, pancreas, and

peripheral tissues, and adiponectin consequently has a range of insulin
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sensitising, anti-inflammatory and anti-apoptotic effects (Kershaw and Flier,
2004; Turer and Scherer, 2012; Rosen and Spiegelman, 2014).

Additionally, cytokines including interleukin 6 (IL-6) and tumor necrosis factor
(TNF) and the chemokine monocyte chemoattractant protein 1 (MCP1) are also
expressed and secreted by adipose tissue, allowing them to be considered as
adipokines (Kershaw and Flier, 2004). These immune factors are likely secreted
by a combination of adipocytes and immune cells such as macrophages, and
their expression is positively correlated with obesity (Clemente-Suarez et al.,
2023). The role of inflammation in the development of insulin resistance and

metabolic disease will be discussed in subsequent sections.

These adipose-secreted factors, as well as several others including resistin,
visfatin and the lipocalin carrier proteins, have diverse functional effects
throughout the body and therefore confirm the importance of adipose as an
endocrine organ (Rosen and Spiegelman, 2014). The disruption of endocrine
function during obesity and metabolic disease highlights the significance of these

roles in metabolic regulation (Kershaw and Flier, 2004).

1.2.2 Dysfunction of adipose tissue in metabolic disease

Adipose tissue has a high degree of plasticity which is essential for it to achieve
its primary metabolic and endocrine functions (Sakers et al., 2022). When there
is an energy surplus, adipose tissue can expand through an increase in adipocyte
size - hypertrophy - or through an increase in adipocyte number - hyperplasia -
as well as associated structural changes in the ECM to accommodate lipid
storage (Richard et al., 2020), with hyperplasia suggested to be the most
metabolically favourable mechanism. However, when the capacity of the tissue
to expand is exceeded, further energy surplus can become pathological, leading
to cellular stress and impaired adipokine signalling (Sakers et al., 2022).

As adipose tissue expands, the distance between hypertrophic adipocytes and
the vasculature increases, leading to hypoxia. Furthermore, hypertrophic

adipocytes themselves can be larger than the typical distance limit for oxygen
diffusion (Mirabelli et al., 2024). Consequently, this hypoxic environment can

activate the oxygen-sensitive transcription factor hypoxia-inducible factor 1a
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(HIF-1a) driving pro-inflammatory stress responses and metabolic dysfunction, as
well as increased adipocyte death (Rosen and Spiegelman, 2014). Despite the
demand for oxygen, angiogenesis is impaired in dysfunctional adipose tissue,

although the mechanisms for this are not fully understood (Crewe et al., 2017).

In addition, adipocyte expansion requires remodelling of the ECM, however in
obesity, excessive accumulation of ECM components including collagens and
fibronectin can lead to fibrosis (Marcelin et al., 2022). Fibrosis can then drive
adipocyte dysfunction through physical constraint to tissue expansion as well as
driving differentiation of ADSCs towards fibroblast-like phenotypes rather than
adipocytes (Sakers et al., 2022) and increasing adipose tissue inflammation
(Richard et al., 2020). Together, these mechanisms impair the capacity of
adipocytes to take up and store lipid appropriately, leading to elevated
circulating lipid levels and ectopic accumulation in tissues such as the liver and
skeletal muscle, known to be a significant driver of systemic insulin resistance
(Heilbronn et al., 2004).

The endocrine activity of adipose tissue is also disrupted during metabolic
disease, with altered adipokine signalling contributing to insulin resistance and
further metabolic dysfunction. Elevated leptin levels are observed in obese
individuals, although leptin resistance can develop which hinders its ability to
regulate food intake and energy expenditure (Kershaw and Flier, 2004).
Conversely, adiponectin levels are reduced in obese individuals, leading to a
reduction in its anti-inflammatory and insulin-sensitising properties (Clemente-
Suarez et al., 2023). Finally, the release of pro-inflammatory adipokines
including TNF, IL-6 and MCP1 by immune cells and adipocytes in adipose tissue is
elevated in obesity, leading to a state of chronic adipose tissue inflammation
(Sewter et al., 1999; Chouchani and Kajimura, 2019; Rohm et al., 2022).

Together, the combination of these disturbances can drive the development of
insulin resistance and associated metabolic consequences, as well as wider
endocrine complications at a systemic level. However, the molecular basis of
adipose tissue dysfunction remains unclear, particularly when considering the
complex interactions and temporal organisation between the pathologies
discussed. It is therefore clear that additional insight is required to fully

understand adipose tissue in pathophysiological contexts.
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1.2.3 Role of inflammation in metabolic disease

In dysfunctional adipose tissue, a combination of the above factors can lead to a
pro-inflammatory response in adipose tissue, and this low-level chronic
inflammation is thought to be an important driver for the development of insulin
resistance (Olefsky and Glass, 2010; Crewe et al., 2017).

Resident immune cells are essential to the normal function of adipose tissue,
however during metabolic disease there is elevated infiltration of monocyte-
derived macrophages which become activated in response to tissue hypoxia,
adipocyte death, and fibrosis (Li et al., 2023b). This critical discovery was
initially shown in murine models of genetic and diet induced obesity (Weisberg
et al., 2003; Xu et al., 2003) and later confirmed in humans (Harman-Boehm et
al., 2007). It is thought that extreme adipocyte expansion and hypoxia cause
increased adipocyte cell death through apoptosis and necrosis, triggering a
wound healing response which promotes further macrophage recruitment into
‘crown-like structures’ surrounding dying cells (Crewe et al., 2017).
Furthermore, resident adipose tissue macrophages undergo a phenotypic switch
from the anti-inflammatory M2 state to an activated pro-inflammatory M1 state
(Sakers et al., 2022). M1-type cells release pro-inflammatory cytokines such as
TNF, IL-1 and IL-6 as well as generating reactive oxygen species (ROS) which can
cause oxidative damage to neighbouring cells, resulting in further inflammatory

and fibrotic activity (Crewe et al., 2017).

The importance of pro-inflammatory cytokines in the development of insulin
resistance was elucidated in the early 1990s, where it was shown that TNF was
upregulated in obese rodents, and that inhibition of TNF using a neutralising
antibody was able to improve the insulin sensitivity of these animals
(Hotamisligil et al., 1993). Subsequently, several studies have supported the
finding that cytokines produced by both recruited immune cells and hypertrophic
adipocytes themselves can drive metabolic effects in local and systemic tissues
(de Luca and Olefsky, 2008; Olefsky and Glass, 2010; Gasmi et al., 2020). For
example, TNF induces downregulation of GLUT4 in adipocytes but also in liver,
as well as impairing insulin signalling both directly through insulin receptor
substrate phosphorylation, and indirectly by increasing the concentration of
circulating FFAs (Kershaw and Flier, 2004). Crucially, in obesity, this pro-
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inflammatory response fails to resolve, resulting in low level chronic
inflammation which impairs insulin and adipokine signalling and driving further

adipose tissue dysfunction (Richard et al., 2020; Kawai et al., 2021).

The clinical relationship between low level chronic inflammation and obesity,
T2D and CVD is well-established, with pro-inflammatory biomarkers closely
associated with the incidence and outcomes of metabolic disease (Pradhan et
al., 2001; Tsalamandris et al., 2019; Wu and Ballantyne, 2020). The interaction
between metabolism and inflammation may therefore be a promising direction
towards new therapeutic intervention for metabolic disease (Tsalamandris et al.,
2019; Li et al., 2023b). However, despite significant advancement in this area,
much of the mechanistic detail of these complex metabolic-immune interactions
remains to be elucidated. Therefore, it is essential to improve our understanding
of the molecular mechanisms regulating adipose tissue inflammation in order to

address the burden of metabolic disease.
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1.3 G Protein-Coupled Receptors

1.3.1 Overview

G Protein-Coupled Receptors (GPCRs) are the largest family of transmembrane
receptors in the mammalian genome, and act to transduce extracellular signals
including hormones, odours and neurotransmitters into diverse biological effects
through a variety of intracellular signalling pathways (Pierce et al., 2002;
Odoemelam et al., 2020; Yang et al., 2021). Over 800 members of the GPCR
superfamily have been identified in humans and share a common structure
featuring seven transmembrane (TM) helical domains separated by extracellular
and intracellular loop domains, with extracellular N-terminal and cytosolic C-
terminal regions differing in size and function according to the specific receptor

class (Figure 1.4) (Herrera et al., 2025).

Extracellular
N terminus

ECL1 ECL2 ECL3

ICL1

ICL2 ICL3

C terminus
Intracellular

Figure 1.4 - Schematic diagram of a typical GPCR with transmembrane (TM), extracellular
loop (ECL) and intracellular loop (ICL) domains indicated.

Following the completion of the human genome project, a complete list of
potential GPCRs was compiled and classed according to phylogenetic similarity
to the rhodopsin (class A), secretin (class B), metabotropic glutamate (class C) or
frizzled (class F) receptors (Fredriksson et al., 2003; Foord et al., 2005).
Receptors are then grouped into subfamilies based on their common ligands and
given a specific name often according to their endogenous ligand, but

occasionally after drugs which act on them (e.g. cannabinoid and opioid
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receptors) (Alexander et al., 2023). Orphan receptors are those for which the
endogenous ligand is unknown, and receptors can be ‘deorphanised’ and
renamed when two independent publications confirm ligand binding and
receptor activity at a suitable potency for biological activity (Davenport et al.,
2013; Alexander et al., 2023).

Historically, GPCRs have been incredibly successful drug targets, with ~35% of
currently FDA-approved therapeutics acting either directly or indirectly through
GPCRs (Hauser et al., 2017; Lorente et al., 2025), including the Glucagon-like
Peptide-1 (GLP-1) receptor agonists now routinely used for the treatment of
metabolic disease. Given this therapeutic success, it is important to continue
improving our understanding of the complex signalling and regulatory pathways

that control the behaviour of GPCRs in pathological contexts.

1.3.2 GPCR Signalling

In addition to their conserved structures, the superfamily of GPCRs share a
conserved activation mechanism leading to a set of downstream signalling
cascades (Figure 1.5). Recent advances in X-ray crystallography and cryogenic
electron microscopy (cryo-EM) techniques have allowed the rapid generation of
high-quality structures of GPCRs in complex with various binding partners, with
molecular dynamics stimulations further enhancing our understanding of GPCR
molecular mechanisms including interactions with ligands, conformational
changes, and downstream signalling (Conflitti et al., 2025). GPCR signalling is
activated by the binding of a (typically) extracellular ligand, which induces a
conformational change in the receptor involving an outward movement of TMé
(Rasmussen et al., 2011). This exposes an intracellular pocket between TM5 and
TMé6 which allows interaction with a heterotrimeric G protein, consisting of a, B
and y subunits, driven predominantly by the C-terminal a5-helix of the Ga-
subunit (Rasmussen et al., 2011). The binding of the G protein to the receptor
facilitates the exchange of GDP on the Ga subunit to GTP, leading to the
dissociation of the Ga from the GBy subunits and allowing these to activate
further downstream signals (Ibay and Gilchrist, 2021). The intrinsic GTPase
activity of the Ga subunit allows hydrolysis of the bound GTP to GDP and
reassociation of the Ga and GBy subunits to return to a resting state (Figure

1.5). The Ga subunit is typically considered to be the driver of downstream
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signalling, however the GBy complex can also trigger its own independent
signalling cascades primarily through ion channels and activation of
phospholipase C (PLC) (Lin and Smrcka, 2011; Tennakoon et al., 2021).
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Figure 1.5 — Schematic diagram of the canonical G protein activation mechanism. Ligand
binding induces a conformational change in the receptor which facilitates the recruitment of a
heterotrimeric G protein complex. GDP is exchanged for GTP, leading to dissociation of the Ga
from the GBy subunits and downstream signalling. The intrinsic GTPase activity of the Ga subunit
allows hydrolysis of GTP back to GDP and reassociation of the G protein heterotrimer.

There are 16 Ga genes identified in humans which are divided into 4 families -
Gs, Gi/o, Gg/11 and G12/13 - based on their subsequent downstream signalling
cascades (Figure 1.6). The Gs family, comprising Gas and Gaof, activate
adenylyl cyclase leading to an increase in the second messenger cAMP and
activation of PKA which can activate further downstream targets. Conversely,
the Gi/o family, comprising Gaii-3, Gdo, Gaz, Gat1-2 and Gagust, inhibits adenylyl
cyclase and consequently reduces cAMP levels. The Gq/11 family of Gaq, Gais,
Gai4 and Gays activates PLC at the plasma membrane, which cleaves
phosphatidylinositol 4,5-bisphosphate (PIP;) into inositol trisphosphate (IPs),
which drives intracellular calcium release from the endoplasmic reticulum, and
diacylglycerol (DAG), which along with the increased intracellular calcium,
activates protein kinase C (PKC) driving further downstream responses. Finally,
the G12/13 family of Gai; and Gass activate guanine nucleotide exchange factors

(GEFs) for the Rho small GTPases, leading to cytoskeletal rearrangements.
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Figure 1.6 — The Ga subunit is the primary determinant of downstream signalling cascades.
The 16 members of the Ga family can be grouped according to their coupling to secondary
messengers and downstream signalling effectors. The GRy complex can also trigger its own
independent signalling cascades.

Although some GPCRs will have a coupling preference to a single G protein
family, many receptors are now known to be more promiscuous and are able to
couple to several different G proteins. The dominant coupling can change based
on factors including receptor localisation, posttranslational modifications and
the specific conformational change induced by any given ligand (Vaidehi et al.,
2021). Biased agonism describes the ability of a ligand to differentially activate
GPCR signalling through a specific pathway (Kolb et al., 2022). Development of
compounds which exhibit biased signalling among G protein families is emerging
as a novel therapeutic strategy to preferentially activate specific downstream
effects (Caroli et al., 2023; Lorente et al., 2025).
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Termination of GPCR signalling occurs by the phosphorylation of the GPCR
intracellular loops or C-terminal tail by G-protein receptor kinases (GRKs) which
facilitates the interaction with arrestin proteins (Figure 1.7). Arrestin-1 (visual
arrestin) and arrestin-4 (cone arrestin) are only expressed in the retina and will
not be discussed further, whereas arrestins-2 and -3, also known as B-arrestin-1
and -2, are expressed ubiquitously. Following receptor phosphorylation, B-
arrestin is recruited where its N domain can interact with the negatively charged
phosphorylated residues on the GPCR, with the arrestin finger loop structure
interacting with the receptor core and the arrestin C domain associating
predominantly with the plasma membrane (Gurevich and Gurevich, 2019; Gomes
et al., 2025). Arrestin recruitment both occludes further G protein binding and
can provide a scaffold for receptor internalisation via clathrin-mediated
endocytosis (Barreto et al., 2021). If internalised, arrestin is released and the
receptor is dephosphorylated for recycling to the plasma membrane or
degradation (Ibay and Gilchrist, 2021). The arrestin proteins themselves can also
act as signal transducers independently of G protein signalling, often through
scaffolding interactions activating kinase cascades (Jean-Charles et al., 2017).
Biased ligands therefore also exist which can direct GPCR activation through
either G protein or arrestin pathways, with arrestin vs G protein bias being
extensively explored in the drug discovery industry to develop therapeutics with
reduced side effects (Kolb et al., 2022; Lorente et al., 2025). These layers of
signalling complexity allow GPCRs to tightly regulate the cellular response to a
diverse range of cues and highlights the need for advanced methodologies to

fully understand these networks.
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Figure 1.7 — B-arrestin is recruited to GPCRs following phosphorylation by GRKs. (3-arrestin
recruitment occludes binding of heterotrimeric G proteins as well as facilitating clathrin-mediated
receptor internalisation and driving further signalling cascades.

1.3.3 Metabolite-sensing GPCRs and their role in metabolic
disease

In addition to typical hormonal, neurotransmitter and odorant signalling, there
are several GPCRs which are activated by endogenous ligands perhaps better
known for their roles as metabolic intermediates. These metabolite-sensing
GPCRs (m-GPCRs) respond to molecules such as amino acids, short carboxylic
acid metabolites, and triglyceride metabolites which are obtained from
nutrients, the gut microbiota or released by endocrine and metabolic tissues
(Blad et al., 2012; Husted et al., 2017). m-GPCRs can therefore respond to these
signals of metabolic activity and energy levels to further regulate energy
metabolism, for example by modulating lipolysis, hormone secretion, and
interactions with the immune system (Blad et al., 2012). It is therefore
unsurprising that many of these receptors have been recognised as key
mediators of metabolic diseases, and have been investigated for their
therapeutic potential in the treatment of obesity and T2D but also other
inflammatory disorders including cancer, chronic pain and rheumatoid arthritis
(Cosin-Roger et al., 2020; Duncan et al., 2023; Yang et al., 2024; Puscasu et al.,
2025).
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m-GPCRs include receptors for free fatty acids (FFA1-4 and GPR84) and
hydroxycarboxylic acids (HCA1.3) as well as the succinate receptor (SUCNRT1).
These receptors are highly expressed in enteroendocrine cells within the
gastrointestinal tract and pancreatic cells where they can regulate secretion of
key metabolic hormones including GLP-1 and insulin. For example, the long
chain fatty acid receptors FFA1 and FFA4 have been reported to increase
secretion of GLP-1 through a Gq (and possibly Gs) pathway (Hirasawa et al.,
2005; Hauge et al., 2015), with FFA1 also enhancing glucose dependent insulin

secretion directly in pancreatic B-cells (Itoh et al., 2003).

In adipose tissue, several Gi coupled m-GPCRs are expressed which likely act as
negative regulators of lipolysis driven by Gs-coupled B-adrenoceptor activation
(Husted et al., 2017). These receptors include a short-chain fatty acid receptor
(FFA2), SUCNR1, and the HCA receptors activated by lactate (HCA1), B-
hydroxybutyrate (BHB) (HCA;) and 3-hydroxyoctanoate (HCA3) (Brown et al.,
2003; Taggart et al., 2005; Regard et al., 2008). The ligands for these receptors
are likely released in response to metabolic stress; short-chain fatty acids are
typically derived through digestion of dietary fibre by the gut microbiota but
may also be produced by the liver during alcohol metabolism (Moffett et al.,
2020; Wang et al., 2023) and by pancreatic B-cells in high glucose conditions
(Tang et al., 2015). As an intermediate of the citric acid cycle, succinate is
usually localised to the mitochondria, however it can accumulate and be
excreted from cells during periods of hypoxia (Ariza et al., 2012; de Castro
Fonseca et al., 2016). BHB and 3-hydroxyoctanoate are released by the liver
following B-oxidation of circulating fatty acids during periods of fasting (Newman
and Verdin, 2017).

FFA4 is also highly expressed in adipocytes where it has also been shown to
inhibit lipolysis through Gi mediated pathways (Satapati et al., 2017; Husted et
al., 2020; Alshammari et al., 2025). As the endogenous ligands of FFA4 are long
chain fatty acids, it has been proposed that this regulation is through autocrine
signalling by adipocytes themselves (Husted et al., 2020). Recently, it has been
reported that FFA4 is in fact located intracellularly on the endoplasmic
reticulum of adipocytes and can therefore undergo ‘intracrine’ signalling,
whereby the fatty acids released from lipid droplets can directly activate FFA4

without requiring extracellular release (O’Brien et al., 2025).
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Additionally, FFA4 agonism has been reported to improve adipogenesis, perhaps
through a positive feedback loop of FFAs released during differentiation (Gotoh
et al., 2007; Song et al., 2016; Alshammari et al., 2025), and improve glucose
uptake, likely through a Gg-mediated pathway (Oh et al., 2010; Hudson et al.,
2013). FFA4 is a key mediator in the regulation of adipocyte function, and it is
therefore unsurprising that FFA4 knockout in high-fat-diet-fed murine models
leads to increased body weight, reduced glucose tolerance and development of
fatty liver, and a deleterious variant (p.R254H/p.R270H) in human populations

associates with an increased risk of obesity (Ichimura et al., 2012).

m-GPCRs have also been reported to play a crucial role in the interaction
between adipocytes and immune cells in the development of metabolic disease.
In particular, the FFA4, SUCNR1 and HCA; receptors are expressed in both
adipocytes and infiltrating macrophages, and their respective ligands have been
proposed to form paracrine signalling loops which would facilitate
communication between these cell types in adipose tissue (Husted et al., 2017;
Duncan et al., 2023). FFA4 activation by omega-3 fatty acids or a synthetic
agonist can inhibit pro-inflammatory cytokine responses and chemotaxis in
macrophages, leading to reduced macrophage infiltration of adipose tissue in
vivo (Oh et al., 2010, 2014). HCA; can also attenuate pro-inflammatory
responses in macrophages exposed to lipopolysaccharide (LPS) by reducing
production of key cytokines and chemokines (Shi et al., 2017; Mandrika et al.,
2018). In contrast, although SUCNRT1 is expressed in macrophages, controversial
studies have reported both pro- and anti-inflammatory roles of this receptor
(Duncan et al., 2023).

However, despite the therapeutic interest around these receptors, it has been
challenging to fully understand their complex regulation and mechanistic
interactions within the limitations of our existing model systems. The expression
of m-GPCRs is highly tissue-specific and often differentially regulated by
metabolic state (Husted et al., 2017). Crucially, many experimental set ups do
not appropriately consider the source and concentrations of the metabolite
ligands, instead exogenously applying artificially high concentrations of synthetic
ligands to measure receptor-mediated effects. It is therefore critical to establish

novel, physiologically relevant cell models to investigate the signalling,
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regulation, and function of m-GPCRs in the development and treatment of

metabolic disease.

1.3.4 Methods for studying GPCR signalling

Traditional methods to measure the pharmacology and signalling of GPCRs have
typically relied on accumulation of downstream secondary messengers such as
cAMP and IP4, measuring intracellular calcium responses, as well as using
radioligand binding assays to determine compound affinity (Pearce et al., 2025).
However, these assays can be low-throughput, costly and often only give
endpoint measurements, giving no consideration to response kinetics, and are
therefore susceptible to interference from interacting signalling pathways and
feedback loops (Olsen and English, 2023). Therefore, new approaches were
required to facilitate more direct and real time measurement of GPCR activity in

living cells.

Genetically encoded biosensors are now widely used to measure almost every
aspect of the GPCR signalling cascade including ligand binding, conformational
changes, and interactions with G proteins and arrestin (Figure 1.8) (Hudson,
2017; Olsen and English, 2023). These technologies are often based on
Resonance Energy Transfer (RET) or fragment complementation assays used to

measure changes in protein-protein interactions (Figure 1.9).



29

Arrestin
recruitment

© ©)

Ligand Q Conformatlonal
blndlng E change

Tﬂ"ﬂi

G protein binding G protein dissociation

: B ~
| | Cor il
~ § i SPASM-style MiniG ' TRUPATH st
g ' : recruitment
Fluorescent Conformatlonal w
tracers : biosensor & :

Figure 1.8 — GPCR signélling events (top) can be rﬁeasured using geneticaily encoded
biosensors (bottom). Examples of biosensors are given which can measure different aspects of
the GPCR signalling cascade. GPCR activation is initiated by ligand binding, which can be
measured using BRET between fluorescent ligands and luciferase-tagged receptors (Stoddart et
al., 2015). GPCR conformational changes can be measured using intramolecular receptor
biosensors which measure changes in distance between intracellular loop 3 (ICL3) and the C
terminus (Vilardaga et al., 2003). G protein binding can be measured using intramolecular SPASM-
style biosensors (Malik et al., 2013) or intermolecular recruitment of miniG proteins (Wan et al.,
2018). Dissociation of Ga and GBy subunits can be measured as a reduction in BRET using
TRUPATH biosensors (Olsen et al., 2020). Recruitment of tagged arrestin can be measured using
BRET or NanoBiIT to labelled receptors (Bertrand et al., 2002).

Forster RET (FRET) describes a phenomenon whereby if two fluorescent
molecules come into close proximity (10-100 A), nonradiative dipole-dipole
energy transfer can occur between an excited donor fluorophore with an
emission spectrum which overlaps with the excitation spectrum of an acceptor
fluorophore, leading to emission at a lower energy wavelength (Figure 1.9A)
(Sekar and Periasamy, 2003). Bioluminescent RET (BRET) follows a similar
principle however the donor molecule is a bioluminescent protein which
generates light by a chemical reaction following oxidation of a substrate (Figure
1.9B) (Pfleger and Eidne, 2006). Fragment complementation assays such as the
NanoBiT split luciferase system (Dixon et al., 2015) offer an alternative to RET
based approaches where a bioluminescent protein is split into two non-
functional parts and can recombine to generate a full-length light-emitting
reporter (Figure 1.9C) (Wehr and Rossner, 2016). With all three of these
methodologies, the two components of the biosensor are fused to proteins of
interest and changes in the luminescent signal emitted are recorded in response

to changes in the distance between the two fusion proteins. However, while the
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RET measurements are expressed as a ratio of donor/acceptor wavelengths, split
luciferase sensors typically are recorded as raw luminescence reads, resulting in

increased sensitivity at low expression levels and a greater dynamic range.
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Figure 1.9 - Schematic diagranis indicating the mechanisms oif FRET (A), BRET (B) and
NanoBiIT split luciferase (C). Excitation (Ex) and emission (Em) wavelengths for each fluorescent
or bioluminescent protein are indicated in nm.

FRET, BRET and split luciferase biosensors have been reported for several stages
of the GPCR signalling cascade and have allowed researchers to gain a deeper
mechanistic understanding of signal transduction pathways, including the
assessment of biased ligands (Table 1.2) (Olsen and English, 2023; Demby and
Zaccolo, 2024). Broadly, biosensors can be grouped based on the specific stage
of signalling measured (e.g. ligand binding, conformational change, G
protein/arrestin recruitment or downstream second messengers) as well as the
detection mechanism (BRET, FRET, NanoBiT) and other specific features such as
whether the biosensors are intra- or inter-molecular, and whether they measure

modified or endogenous receptor activity.

Many of these biosensors require the expression of modified forms of the
receptor which may impact their ability to signal through downstream pathways,
and constructs are expressed on heterologous promoters, meaning normal
transcriptional regulation will not apply (Wright et al., 2024). Several methods
have therefore moved to a ‘bystander’ approach which allows measurement of
unmodified receptor activation through interactions with biosensor components

localised to adjacent cellular compartments. For example, by using fluorescent
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proteins (FPs) tagged to different subcellular compartments such as the plasma

membrane, endosomes or the golgi with luciferase-tagged G proteins or

arrestins, it is possible to follow GPCR activity at intracellular locations (Demby

and Zaccolo, 2024).

Table 1.2 - Examples of available genetically encoded biosensors to measure GPCR
signalling. Adapted from (Kim et al., 2022; Olsen and English, 2023; Demby and Zaccolo, 2024)

GPCR Signalling
Step

Sensor Name

Detection
Mechanism

Reference

Ligand binding

Fluorescent
tracers

BRET between
luciferase-tagged
receptor and

(Stoddart et al.,
2015;
Christiansen et

conformational
change

receptor sensors

between receptor C-
terminus and
intracellular loop 3
(ICL3)

fluorescent ligand al., 2016)
Ligand binding FRET between FPs or | (Tsien, 2006;
domains e.g. circularly permutated | Hires et al.,
(i)GluSnFR fluorescent protein 2008; Marvin et
(cpFP) flanking a al., 2013)
(e.g.) glutamate
binding protein on
receptor N-terminus
Receptor Intramolecular FRET or BRET e.g. (Vilardaga

et al., 2003;
Hoffmann et al.,
2005)

modulation)

flexible helix and
attached to full
length or C-terminal
fragments of Ga
subunits

cpFP in ICL3 e.g. (Patriarchi
et al., 2018; Sun
et al., 2018)
G protein SPASM Receptor tagged with | (Malik et al.,
recruitment (systematic FRET or BRET 2013, 2017;
protein affinity | components Mackenzie et
strength separated by an ER/K | al., 2019)

MiniG

BRET or NanoBiT
between miniG
proteins and receptor
or plasma membrane

(Carpenter and
Tate, 2016; Wan
et al., 2018)

G protein
activation

BERKY (BRET
biosensor with
ER/K linker and
YFP)

BRET between lipid-
anchored donor and
acceptor separated
by an ER/K flexible

(Maziarz et al.,
2020)
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helix, and attached
to a peptide which
binds GTP-bound Ga
subunits

GEMTA (G BRET between (Avet et al.,
protein effector |luciferase-tagged 2022)
membrane downstream effectors

translocation and FP targeted to

assays) plasma membrane

ONE-GO (One BRET between NLuc- | (Janicot et al.,

vector G-protein
Optical)

tagged Ga-GTP
detector and YFP-
tagged Ga

2024)

G protein
dissociation

Dissociation
between Ga and
GBy e.g.
TRUPATH

FRET, BRET or
NanoBiT between
tagged Ga and GBy
subunits

(Janetopoulos et
al., 2001; Inoue
et al., 2019;
Olsen et al.,
2020)

Association
between GBy

FRET or BRET
between dissociated

(Hollins et al.,
2009; Masuho et

and GRKs GBy and GRK3 al., 2015b)
B-arrestin Labelled FRET or BRET (Bertrand et al.,
recruitment receptor/arrestin | between labelled 2002)
constructs receptor and arrestin
molecules
Bystander BRET between (Donthamsetti
arrestin luciferase-tagged et al., 2015;

recruitment

arrestin and FP
targeted to plasma
membrane

Namkung et al.,
2016)

Arrestin
conformational
biosensors

Intramolecular BRET
between N-terminal
luciferase and FP
located elsewhere
within arrestin
molecule to measure
conformational
dynamics

(Charest et al.,
2005; Lee et al.,
2016)

Second
messengers

Calcium sensors
e.g. cameleon or
G-CaMP

Intramolecular FRET
or cpFP with
calmodulin binding
domain

(Miyawaki et al.,
1997; Nakai et
al., 2001)

cAMP sensors
e.g. Epac

Intramolecular FRET,
BRET or cpFP with
Epac binding domain

e.g. (Nikolaev et
al., 2004)
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IPs sensors e.g.
LIBRA

Intramolecular FRET
or BRET with IP3
binding domain

(Tanimura et
al., 2004)

DAG sensors e.g.
Daglas

Intra- or
intermolecular FRET
or BRET, often using
DAG-binding motif to
translocate (part of)
the biosensor to the
plasma membrane

(Violin et al.,
2003; Sato et
al., 2006)

PKA or PKC
activity sensors
e.g. AKAR/CKAR

FRET or BRET
components
separated by
phosphorylatable
sequence and
phosphoamino acid
binding domain

(Zhang et al.,
2001; Violin et
al., 2003)

Overall, genetically encoded biosensors have allowed researchers to develop a

deeper mechanistic understanding of GPCR activity through real-time

measurement of signalling events at virtually every stage of the downstream

cascade. However, these biosensors still require expression of engineered

constructs which may interfere with these signalling cascades, and are typically

used in artificial in vitro cell systems which have limited physiological relevance

to human disease. Therefore, it is crucial to progress methods of expressing

these biosensors in complex cell models to allow us to better characterise the

role of GPCR signalling in metabolic disease.
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1.4 Existing Methods to Study Adipose Tissue

As discussed throughout this chapter, adipose is a dynamic and complex organ
comprised of several diverse cell types which contribute to its metabolic and
endocrine roles. Therefore, it is essential to develop experimental systems
which recapitulate this complexity in order to improve our understanding of

adipose tissue function and dysfunction in the context of metabolic disease.

1.4.1 In vivo models

Much of our knowledge about adipose tissue and metabolic disease has been
obtained from in vivo studies. Rodent models have provided an invaluable
resource in understanding the systemic metabolic phenotypes associated with

obesity as well as downstream disease progression (Suleiman et al., 2019).

Genetically modified mouse strains are available including the commonly used
ob/ob and db/db lines which develop obesity and show impaired metabolic
function due to mutations in the leptin and leptin receptor genes respectively
(Suleiman et al., 2019). Furthermore, strains with mutations in the insulin
receptor or downstream signalling pathways show impaired insulin sensitivity
(Nandi et al., 2004). Diet induced obesity models, where rodents are fed a high-
fat diet for several weeks, are also commonly used for studies of obesity and
related complications such as diabetes and cardiovascular disease (Wang and
Liao, 2012). Finally, the prevalence of obesity means that adipose tissue
dysfunction can also be studied directly in humans through large-cohort
population studies which use biobank data to link genetic, phenotypic and
lifestyle factors to metabolic health (Kivimaki et al., 2022).

The key advantage of in vivo approaches is that they allow for investigation of
metabolic phenotypes at a systemic level, such as overall body and fat mass
accumulation, ectopic lipid accumulation in tissues such as the liver,
measurement of biomarkers such as blood glucose and TG concentrations and
direct measurement of IR (de Moura e Dias et al., 2021). IR can be determined in
humans and rodents using the hyperinsulinemic euglycemic clamp technique.
Following a fast period, insulin is infused at a known rate and blood glucose is

measured at frequent intervals while glucose or dextrose is given at a flexible
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rate to keep levels constant, allowing glucose disposal rate and thus insulin
sensitivity to be calculated (Muniyappa et al., 2008). However, these
measurements are time consuming, labour intensive and the data can be
challenging to interpret, so several other methods such as more straightforward
oral or intraperitoneal glucose tolerance and intraperitoneal insulin tolerance
tests have been proposed which can provide surrogate measurements if glucose

clamp methods are not feasible (Muniyappa et al., 2008, 2009, 2019).

Although information gained from rodent studies is valuable, these approaches
are expensive, highly regulated, and low throughput. Alternative in vivo
approaches have been proposed such as an insulin resistant zebrafish model,
which may be more suitable for higher throughput drug screening (Nam et al.,
2021). Critically, the species-specific differences in adipose tissue distribution
and function mean that findings from animal studies may not be completely
relevant to human disease, and the complexity of working with whole organisms
makes it challenging to deconvolute specific mechanistic details such as
signalling pathways. Therefore, simplified in vitro model systems can provide a

complementary approach for high-throughput or mechanistic studies.

1.4.2 2D in vitro cell culture models

In vitro cell culture models, where adipocytes are grown in monolayer cultures
on glass or plastic vessels, have been widely used to study the intricate

molecular pathways involved in normal adipocyte function.

Human adipocytes are perhaps one of the most accessible primary cell types to
obtain for research purposes, as large quantities of fresh adipose tissue is
collected from cosmetic procedures (Dufau et al., 2021). However, the mature
adipocytes are fragile, only survive for a short time ex vivo, and cannot
proliferate or be cryopreserved, making them challenging to manipulate (Dufau
et al., 2021; Baganha et al., 2022). Consequently, most adipocyte cell cultures
are established from preadipocyte cell types such as adipose-derived stromal
cells (ADSCs), which can be isolated from human tissue, expanded in vitro and
differentiated to an adipocyte-like phenotype (Lee and Fried, 2014). Although
use of these patient-derived cells is vital for translational research, the total

number of cells obtained is still limiting for higher-throughput studies and cells
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typically only retain the capacity to differentiate for a small number of
generations following isolation (Mazini et al., 2021). Furthermore, the strict
regulatory requirements for human tissue use, lack of standardised protocols and
high donor-to-donor variation observed has facilitated the isolation and/or
engineering of immortalised cell lines which can be used as an alternative to
primary ADSCs (Dufau et al., 2021).

3T3-L1 cells have been the most widely used preadipocyte cell model since their
isolation in the 1970s (Green and Meuth, 1974). The native fibroblast phenotype
can be differentiated into mature adipocytes using a cocktail of factors including
insulin, the synthetic glucocorticoid dexamethasone, and the phosphodiesterase
inhibitor 1-methyl-3-isobutylxanthine (IBMX), and adipogenesis can be further
enhanced by addition of a PPARG agonist (Zebisch et al., 2012). 3T3-L1 cells
have been used to study several aspects of adipocyte function and dysfunction,
including the impact of specific compounds, nutrients, and genes on the
regulation of adipogenesis and adipocyte function (Wang et al., 2014; Ruiz-Ojeda
et al., 2016). Furthermore, IR can be induced in 3T3-L1 cells through treatments
such as TNF, hypoxia, or high insulin concentrations (Lo et al., 2013). However,
evidence from transcriptomics studies has suggested that each of these methods
depict different features of in vivo IR, thus indicating that these models cannot
fully recapitulate this complex pathophysiological state (Lo et al., 2013).
Similarly, as these cells were isolated from Swiss 3T3 mouse embryos, there is
significant evidence that they exhibit fundamental differences in cell
morphology, gene expression, and phenotypic outcomes to human adipocytes
(Soukas et al., 2001; Wang et al., 2014; Morrison and McGee, 2015). Thus, there
is a substantial need for human-relevant cell models to improve the translational

relevance of adipocyte studies.

Human preadipocyte cell lines have typically been established through
transformation and immortalization of primary ADSCs, for example the PAZ6
(Zilberfarb et al., 1997), Chub S7 (Darimont et al., 2003) and TERT-hWA
(Markussen et al., 2017) cell lines. Alternatively, cells can be isolated from
pathological adipose tissue without further need for immortalization, such as the
LiSa-2 cell line isolated from a primary liposarcoma (Wabitsch et al., 2000) or
the Simpson-Golabi-Behmel syndrome (SGBS) cell strain isolated from a male

infant patient with Simpson-Golabi-Behmel syndrome (Wabitsch et al., 2001).



37

Finally, human multipotent adipose derived stem (hMADS) cells have been
isolated from healthy SVF cells from several infant donors and have been shown
to grow and differentiate for up to 200 population doublings, despite not being
artificially immortalized (Rodriguez et al., 2004, 2005). As with 3T3-L1 cells,
these human preadipocyte cell types are differentiated in vitro to mature
adipocytes but critically behave more closely to human in vivo and primary cell
types than murine derived cell models (Rodriguez et al., 2004; Schmidt et al.,
2011; Rossi et al., 2020; Dufau et al., 2021).

Although the inherent simplicity of 2D cell culture models makes them
compatible with existing plate-based assay technologies and scalable for high-
throughput assays, this is also a major disadvantage, as these models cannot
recapitulate the full complexity of adipose tissue and are lacking critical
features of the cellular microenvironment such as oxygen and nutrient diffusion
gradients, interactions with the ECM and neighbouring cells, and the
involvement of physical forces (Figure 1.10) (Langhans, 2018; Dufau et al.,
2021). Use of co-culture models have improved this somewhat by introducing
paracrine interactions between the different cell types present in adipose tissue.
For example, 3T3-L1 cells have been co-cultured with macrophages such as the
murine-derived RAW264.7 cell line, with evidence suggesting the interaction
between the cells aggravates the inflammatory response, perhaps leading to
increased IR (Suganami et al., 2005). Similarly, SGBS cells have been co-cultured
with human THP-1 macrophages, also indicating that pro-inflammatory factors
drive insulin resistance and apoptosis (Keuper et al., 2011a). However, these
models do not consider other features of the in vivo adipose tissue

microenvironment.

Overall, 2D adipocyte cell culture systems have provided an invaluable resource
to investigate the specific mechanistic details of adipogenesis, adipocyte
function, and adipocyte dysfunction in metabolic disease, as well as facilitating
high-throughput assays essential for drug screening purposes. However, these
artificial systems are limited in their capacity to truly model the complex
(patho)physiology of adipose tissue and can thus misrepresent key aspects of
metabolic signalling and regulation. There is therefore scope to improve the
physiological relevance of in vitro adipose tissue models by better representing

more aspects of the cellular microenvironment (Figure 1.10).
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Figure 1.10 — Examples of factors which influence the cellular microenvironment. Adapted
from (Lane et al., 2014; Langhans, 2018).

1.4.3 3D in vitro cell culture models

The cellular microenvironment, including cell-cell interactions, interactions with
the ECM, secreted factors, nutrients and physical forces (Figure 1.10), provides
essential environmental cues to cells and plays a critical role in the regulation of
morphology, metabolism, and proliferation (Dufau et al., 2021). 2D cell culture
models typically lack this complexity and as a result can display altered
morphology, gene expression, and metabolic function to in vivo samples (Shen et
al., 2021). 3D cell culture systems can better recapitulate these features in vitro
than 2D monolayers, thus improving the physiological relevance of in vitro
models and providing an opportunity to bridge the gap between overly simplistic

2D cell culture and highly complex in vivo systems.

The concept of 3D cell culture was initially described in the 1970s as a model of
mammary carcinoma, where multicellular spheroids were reported to
recapitulate the spatial organisation of tumours including an outer zone of

dividing cells, intermediate zone with senescent cells and a necrotic core
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(Sutherland et al., 1971). Since the 2000s, 3D cell culture has expanded to
include complex stem-cell derived organoids, 3D bioprinting and organ-on-a-chip
approaches, and has been widely used in cancer research for tumour modelling,
drug discovery, and personalised medicine (Rodrigues et al., 2024). More
recently, there has been an increase in development of 3D models for different
tissue types including liver, heart and skin for use in drug discovery including
toxicity studies, disease modelling, and tissue engineering (Cacciamali et al.,
2022). Accordingly, there have now been several reports of 3D adipose cell
culture models ranging from adipocyte spheroids to more complex adipose tissue
organoids which have been used to study many different aspects of adipose
biology (Dufau et al., 2021; Luca et al., 2024).

Adipocyte spheroid cultures can be generated using several available techniques,
either with or without the use of a scaffold biomaterial designed to represent
the ECM (Table 1.3). Common scaffold-based approaches include the growth of
adipocytes in synthetic or natural hydrogels, or bioinks suitable for 3D
bioprinting (Celebi et al., 2025). Alternatively, scaffold-free approaches such as
hanging drop culture, ultra-low adhesion (ULA) plate coatings, magnetic
levitation and spinning bioreactor flasks all ultimately aim to prevent cell
adhesion to the culture vessel, thus allowing cells to grow as multicellular
spheroids (Di Stefano et al., 2022). The method used to generate spheroids can
have a significant impact on their eventual phenotype (Baganha et al., 2022;
Lauschke and Hagberg, 2023). For example, the mechanical properties of a
scaffold hydrogel can directly affect the morphology and function of the
encapsulated cells (Ky et al., 2023), highlighting the importance of biomaterial

selection in model development (Contessi Negrini et al., 2025).
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Table 1.3 - Example approaches to generate in vitro adipocyte spheroid models

Scaffold-based

Method Approach Description Example
Reference
Hydrogels Cells are encapsulated ina | (Muller et al.,

natural or synthetic polymer
designed to mimic ECM
scaffolds and allow cell
culture

2019;
loannidou et
al., 2022;
Pieters et al.,
2022)

Scaffold-free

3D bioprinting Cell-laden bioinks are (Louis et al.,
extruded into desired 2021;
patterns using 3D printing. | Albrecht et

al., 2022)

Hanging drop Cell suspensions are seeded | (Klingelhutz
in droplets on a solid et al., 2018;
surface and inverted to Mandl et al.,
allow spheroid formation by |2022)
gravity.

Ultra-low Cells are seeded on low (Shen et al.,

adhesion plates |adhesion surface, so cells 2021)

adhere to each other rather
than the plate.

Magnetic Cells are loaded with (Daquinag et
levitation magnetic nanoparticles and |al., 2013;
a magnetic field applied to | Wolff et al.,
aggregate cells into 2022)
spheroids.
Agitation Cell suspensions are (Hoefner et
methods constantly agitated using al., 2020)

bioreactors such as spinning
flasks which prevents
adherence to the flask and
spheroid formation.

Critically, 3D adipocyte culture systems appear to better represent native

adipose tissue compared to 2D monolayer culture, with improved differentiation

leading to the development of a unilocular morphology, larger lipid droplets and

lipid composition and gene expression patterns which more closely resemble in

vivo samples (Shen et al., 2021). Furthermore, significant differences have been

reported between the inflammatory and metabolic responses of otherwise

equivalent 2D and 3D cell culture models, suggesting that 3D models may

provide a more physiologically relevant platform for translational research
purposes (Turner et al., 2018; Wolff et al., 2022; Umetsu et al., 2024). As the

field continues to develop, more complex models are becoming available which
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mimic specific phenotypes such as inflammation (Turner et al., 2015), fibrosis
(Rajangam et al., 2016) and obesity-associated breast cancer (Blyth et al.,
2025), as well as anatomical features such as vascularisation (Muller et al.,
2019).

Despite these recent advances, 3D cell cultures are not widely used outside of
cancer research and tissue engineering applications. In particular, their use in
early-stage drug discovery and pharmacological studies has been limited due to
the availability of screening assays suitable to measure functional effects of
compounds at a suitable throughput, as well as challenges with liquid handling
and imaging of 3D structures at scale (Langhans, 2018; Jensen and Teng, 2020).
In the GPCR field, only a small number of studies have used 3D models in GPCR
signalling or functional studies, with the vast majority investigating some aspect
of tumour biology (Uno et al., 2012; Jorand et al., 2016; Van Senten et al.,
2019; Azad et al., 2020; De Groof et al., 2021; Mamouni et al., 2021; Barbazan
et al., 2022; Yu et al., 2023; Hanif et al., 2025) with one other using brain
organoid models to study the reactivity of astrocytes in neural networks
(Cvetkovic et al., 2022).

Overall, 3D cell culture models of adipose tissue have the potential to better
recapitulate features of the in vivo tissue microenvironment, thus providing
more physiologically relevant results in studies of adipose tissue function.
However, further advances are needed to improve the accessibility of these

models in fields outside of cancer research and tissue engineering.

1.4.4 The importance of human relevant systems

As discussed throughout this chapter, there are key species-specific differences
in adipose tissue biology between humans and rodent models, from differences
in adipose deposits at the anatomic level (Borgeson et al., 2022) to differences
in gene expression, adipokine secretion and insulin responsiveness using in vitro
cell models (Schmidt et al., 2011; Rossi et al., 2020). Furthermore, there are

many examples where m-GPCR expression and signalling differ between species
(Vassilatis et al., 2003). For example, the HCA3 receptor gene is only present in
hominids with no equivalent in rodent species (Peters et al., 2019), and there

are many examples where both endogenous and synthetic ligands for m-GPCRs
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show differences in pharmacology between species orthologs (Bolognini et al.,
2016; Jenkins et al., 2021; Ciba et al., 2023). It is therefore essential that

human relevant systems are used when investigating human disease.

One key difference between human and murine adipocyte cell culture models is
that human adipocytes can be differentiated in a chemically defined medium,
whereas murine adipocyte protocols typically require serum supplementation
(Dufau et al., 2021). This adds an additional layer of complexity, as serum
contains an undefined combination of biomolecules and therefore may be
influencing adipocyte responses in unknown ways (Gstraunthaler et al., 2013;
Valk and Gstraunthaler, 2017). Human-derived systems may therefore result in a
more reproducible platform to assess adipocyte function by removing
confounding influences from unknown serum components. This rationale could
also be extended to eliminate or replace all animal-derived components -
including serum, trypsin, and scaffolds such as collagen - from adipocyte
culture, to create fully defined, reproducible and ethically sound human-

relevant disease models.
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1.5 Project Aims

Overall, this thesis aimed to develop a complex in vitro model of adipose tissue
suitable for exploring the role of m-GPCRs in metabolic diseases. To achieve
this, | generated adipocyte spheroids using the human SGBS cell strain and
incorporated a genetically encoded biosensor to measure GPCR signalling, as
well as features of chronic inflammation to mimic metabolic disease. These

objectives have been subdivided as follows:

e The design and optimisation of genetically encoded biosensors which are

suitable to measure m-GPCR function in a 3D culture model.

e Development of a 3D spheroid model using SGBS adipocytes, followed by
comprehensive characterisation using imaging, transcriptional & protein

expression, and functional assay approaches.

e Use of the adipocyte spheroid model to investigate the role of m-GPCRs in
metabolic disease through pharmacological modulation and expression of

genetically encoded biosensors.

It is hoped that this innovative platform will allow us to better understand
m-GPCRs within a physiologically- and disease-relevant microenvironment,
therefore deepening our knowledge of adipose tissue biology and ultimately

leading to better treatments for metabolic disorders.



2 Materials and Methods
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2.1 Materials

Key materials are listed with suppliers and product numbers as appropriate.

2.1.1 General reagents

Ampicillin Sodium Salt - Sigma-Aldrich (A1598)

Bovine Serum Albumin (BSA), fatty-acid free - Roche (03117057001)

Bovine Albumin fraction V- Millipore (81-053-3)

CellTag™ 700 Stain - LI-COR (926-41090)

DAB Substrate Kit, Peroxidase (With Nickel) - Vector Laboratories (SK-4100)
Dimethyl sulfoxide (DMSO) - Fisher (D/4120/PB08)

Eosin Y, Aqueous 1% - Leica (3801590E)

Fast SYBR™ Green Master Mix - Invitrogen (4385612)

Haematoxylin, Harris Acidified - Fisher (12847926)

Hanks’ Balanced Salt Solution (HBSS) (10X) - ThermoFisher Scientific (14065-
049)

Histo-Clear Il - SLS (NAT1334)

Hoechst 33342 - Invitrogen (H3570)
HyperLadder™ 1 kb - Bioline (BIO-33026)
LipidSpot™ 488 - Biotium (70065)

Mounting Medium with DAPI - Abcam (AB104139)

Oil Red O - Sigma-Aldrich (00625)
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Tumor Necrosis Factor (TNF), human recombinant - Sigma-Aldrich (T6674)

2.1.2 Cell culture reagents

Table 2.1 — List of cell culture medium

Medium | Component Concentration |Source
/Volume
HEK293-T | Dulbecco’s Modified Eagle Gibco (41965-039)
complete | Medium (DMEM), high glucose
medium o at inactivated Fetal Bovine | 10% (v/v) Gibco (10500-064)
Serum (FBS)
Penicillin/streptomycin 100 U/mL Gibco (15140-122)
Normocin 100 pg/mL InvivoGen (ant-nr)
Flp-In™ | HEK293-T complete medium As described
_ ™
;Q';EX Blasticidin 5 ug/mL InvivoGen (ant-bl)
selection | Hygromycin 0.1 mg/mL InvivoGen (ant-hg)
medium
SGBS OF |DMEM/F-12 500 mL Gibco (31330-038)
medium [ penicillin/streptomycin 100 U/mL Gibco (15140-122)
D-Pantothenic acid 1.7 mM Sigma-Aldrich
(P5155)
Biotin 3.3 mM Sigma-Aldrich
(B4639)
SGBS SGBS OF medium As described
ﬁ;’:ﬁlﬁ:e FBS (non-heat inactivated) 10% (v/V) Gibco (10270-106)
Normocin 100 pg/mL InvivoGen (ant-nr)
ADSC Minimal Essential Medium Gibco (12571-063)
complete | (MEM) Alpha
medium et inactivated FBS 10% (v/V) Gibco (10500-064)
Penicillin/streptomycin 100 U/mL Gibco (15140-122)

384-well clear polystyrene U-bottom microwell plate with CELLSTAR® Cell-

repellent surface - Greiner (787979)

apo-Transferrin - Sigma-Aldrich (T2252)

Collagen from calf skin - Sigma-Aldrich (C8919)

Dexamethasone - Sigma-Aldrich (D1756)
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Doxycycline ((4S,4aR,55,5aR,6R,12aR)-4-(dimethylamino)-1,5,10,11,12a-
pentahydroxy-6-methyl-3,12-dioxo-4a,5,5a,6-tetrahydro-4H-tetracene-2-
carboxamide) - Sigma-Aldrich (D9891)

Dulbecco’s Phosphate Buffered Saline without calcium or magnesium - Gibco
(14190-094)

Hydrocortisone - Sigma-Aldrich (HO888)

Insulin, human recombinant, zinc solution - Gibco (12585-014)

3-Isobutyl-1-methylxanthine (IBMX) - Sigma-Aldrich (15879)

Lipofectamine™ 3000 Transfection Reagent - Invitrogen (L30000015)

Lipofectamine™ MessengerMAX™ Transfection Reagent - Invitrogen
(LMRNAOO1)

MycoStrip® Mycoplasma Detection Kit - InvivoGen (rep-mysnc)

Poly-D-lysine (PDL) hydrobromide - Sigma-Aldrich (P6407)

Polyethylenimine - Polysciences (23966)

Rosiglitazone - Tocris (5325)

3,3',5-Triiodo-L-thyronine sodium salt (T3) - Sigma-Aldrich (T6397)

Trypan Blue Solution - Gibco (15250061)

TrypLE Express - Gibco (12604-013)

2.1.3 Buffers and solutions

HBSS with HEPES (HBSS-H) - 1X HBSS, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 0.035% (v/v) sodium bicarbonate at pH
7.4
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Krebs-Ringer-Phosphate buffer with HEPES (KRP-H) - 128 mM NacCl, 4.7 mM
KCLl, 5 mM NaHPO4, 1.25 mM MgS04, 1.25 mM CaClz, 20 mM HEPES at pH 7.4

Lysogeny Broth (LB) & Agar - 1% (w/v) tryptone, 0.5% (w/v) yeast extract,
171 mM NaCl. Agar only 1.5% (w/v) agar

Phosphate Buffered Saline (PBS) - 137 mM NacCl, 2.7 mM KCl, 1.8 mM KH2POy,
10 mM Na;HPO4 at pH 7.4

Tris-Acetate-EDTA (TAE) buffer - 40 mM Tris-base, 20 mM acetic acid, 1 mM
Ethylenediaminetetraacetic acid (EDTA)

Tris Buffered Saline (TBS) - 20 mM Tris, 137 mM NaCl at pH 7.6

2.1.4 Pharmacological compounds

TUG-891 (4-[(4-Fluoro-4'-methyl[1,1'-biphenyl]-2-yl)methoxy]-benzenepropanoic
acid) - Tocris (4601) (Shimpukade et al., 2012; Hudson et al., 2013)

AH 7614 (4-Methyl-N-9H-xanthen-9-yl-benzenesulfonamide) - Tocris (5256)
(Sparks et al., 2014)

T-3601386 (T360) (3-cyclopropyl-3-(3-((1-(2-(4,4-dimethylpentyl)-5-
methoxyphenyl)piperidin-4-yl)methoxy)phenyl)propanoic acid) - kindly provided
by Dr. Elisabeth Rexen Ulven, University of Copenhagen (Ueno et al., 2019)

TUG-1197 (2-(3-fluoro-5-pyridin-2-yloxyphenyl)-3H-1,2-benzothiazole 1,1-
dioxide) - kindly provided by Prof. Trond Ulven, University of Copenhagen
(Azevedo et al., 2016)

Niacin (Pyridine-3-carboxylic acid) - Merck (PHR1276)

Lodoxamide (2-[[2-chloro-5-cyano-3-(oxaloamino)phenyl]amino]-2-oxoacetic
acid) - Sigma-Aldrich (SML2307)

Sodium propionate (C3) - Sigma-Aldrich (P1880)
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Disodium succinate - Sigma-Aldrich (W327700)

GSK137647A (4-Methoxy-N-(2,4,6-trimethylphenyl)-benzenesulfonamide) -
Tocris (5257) (Sparks et al., 2014)

2-HTP (2-hexylthiopyrimidine-4,6-diol) - Sigma-Aldrich (SML1646)

Isoprenaline (4-[1-hydroxy-2-(propan-2-ylamino)ethyl]benzene-1,2-diol) - Sigma-
Aldrich (12760)

Forskolin ((3R,4aR,5S,6S,6aS,10S,10aR,10bS)-3-ethenyl-6,10,10b-trihydroxy-

3,4a,7,7,10a-pentamethyl-1-oxo-dodecahydro-1H-naphtho[2,1-b]pyran-5-yl
acetate) - Sigma-Aldrich (93049)

2.1.5 Assay kits

NanoGlo® Luciferase Assay System - Promega (N1130)
Glycerol-Glo™ Assay - Promega (J3150)

CellTiter-Glo® 2.0 Cell Viability Assay - Promega (G9241)
CellTiter-Glo® 3D Cell Viability Assay - Promega (G9681)
Glucose Uptake-Glo™ Assay - Promega (J1341)

QIAquick PCR Purification Kit - QIAGEN (28104)

QIAquick Gel Extraction Kit - QIAGEN (28706)

QlAprep Spin Miniprep Kit - QIAGEN (27106)

QIAGEN Plasmid Maxi Kit - QIAGEN (12162)

RNeasy Mini Kit - QIAGEN (74104)

RNase-Free DNAse Set - QIAGEN (79254)
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Herculase Il Fusion DNA Polymerase - Agilent (600677)

MMESSAGE mMACHINE T7 kit - ThermoFisher (AM1344)

MEGACclear RNA purification kit - ThermoFisher (AM1908)

M-MLV Reverse Transcriptase - Invitrogen (28025013)

Free Glycerol Reagent - Sigma-Aldrich (F6428)

2.1.6 Lists of antibodies

2.1.6.1 Primary antibodies

Table 2.2 - List of primary antibodies

Antigen Species | Dilution Source
Perilipin 1 Mouse 1:500 ThermoFisher (MA5-27861)
Hemagglutinin Rat 1:1000 Roche (ROAHAHA)
(HA)
Fatty Acid Binding | Rabbit 1:250 Abcam (ab92501)
Protein 4 (FABP4)
Hypoxia-Inducible |Rabbit 1:500 Abcam (ab51608)
Factor 1-alpha
(HIF-1a)
IgG control Rabbit Equal Vector Laboratories (I-
antibody concentration to | 1000)

primary antibody

2.1.6.2 Secondary antibodies

Table 2.3 - List of secondary antibodies

Antibody Species Dilution | Source

AlexaFluor® anti-mouse 594 | Goat 1:400 Invitrogen (A-11032)
IRDye® 800CW anti-Rat Goat 1:1000 LI-COR (926-32219)
ImMmPRESS® HRP anti-rabbit | Horse 20 pg/mL | Vector Laboratories
IgG polymer kit, peroxidase (MP-7401)




2.1.7 Lists of primers

2.1.7.1 Primers for molecular biology

Table 2.4 - List of primers used for molecular biology

Primer Sequence
CMV Forward CGCAAATGGGCGGTAGGCGTG
BGH Reverse TAGAAGGCACAGTCGAGG

BGH-pTx Reverse (T)100TAGAAGGCACAGTCGAGG

pcDNA5 Reverse GAAAGGACAGTGGGAGTGGC

2.1.7.2 Primers for quantitative PCR

Table 2.5 - List of primers for quantitative PCR

Gene Direction Sequence
Adiponectin Forward ATGACCAGGAAACCACGACTC
Reverse GGTACTCCGGTTTCACCGAT
ADRB2 Forward TGATCGCAGTGGATCGCTAC
Reverse CCACCTGGCTAAGGTTCTGG
ADRB3 Forward TCAACCCGCTCATCTACTGC
Reverse AAGGATCCCTCCTTGGGTCA
ccl2 Forward CTCGCTCAGCCAGATGCAAT
Reverse TTGGGTTTGCTTGTCCAGGT
FABP4 Forward GGCTTTGCCACCAGGAAAGT
Reverse CTCGTGGAAGTGACGCCTTT
FEA1 Forward GCATCAACACACCGGTCAAC
Reverse GACCCCTTCCCAAGTAACCG
FEAD Forward GGTGTGCTTCGGACCTTACA
Reverse CCGAACTTGGCATCCCTTCT
FEA3 Forward AACGGAGCTCAAGGCATCTA
Reverse TGGTGGCCACTGCTTCT
FEA4 Forward AATTTTACAGATCACAAAGGCATCA
Reverse CTTCCACTCATTCCTGCACAGT
GAPDH Forward ATCACCATCTTCCAGGAGCGA
Reverse TGGACTCCACGACGTACTCA
GLUT1 Forward GAACTCTTCAGCCAGGGTCC
Reverse ACCACACAGTTGCTCCACAT
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GLUT4 Forward CGTCGGGCTTCCAACAGAT
Reverse TCCTTCCAAGCCACTGAGAG
HCAT Forward CCGTGGCTGATTTCCTCCTT
Reverse TCTTGCACGCAGAGATGGTT
HCA2 Forward CACACAGACACACACCTCCTT
Reverse TCTCGGAACACACAGCAGTT
HCA3 Forward TGCTGATCCAGAATGGCACT
Reverse GTGTGCAGGAGCCAGAAGAT
HSL Forward AGCCAAAAGGGAGCCATCTG
Reverse ACCAGCGACTGTGTCATTGT
LB Forward CGATGCACCTGTACGATCAC
Reverse CATGGAGAACACCACTTGTTGC
KRT19 Forward GTTCACCAGCCGGACTGAA
Reverse GCAGGTCAGTAACCTCGGAC
LPL Forward TTGCCCTAAGGACCCCTGAA
Reverse ATCCTGTCCCACCAGTTTGG
PLINT Forward CAAGTTCAGTGAGGTAGCAGC
Reverse CACCACGTTGTCAGTAACGC
PPARG Forward GTGCAATCAAAGTGGAGCCT
Reverse CTCTGGATTCAGCTGGTCGAT
Sp1 Forward ACAAACGTACACACACAGGTGA
Reverse GCCCACACTCAGAGCTACAC
SUCNR1 Forward CTGGGGATCATGGCATGGAA
Reverse GGACTCCCACAACGAACTCA
UCP1 Forward ACGGGTCTTTGGAAAGGGAC
Reverse ACGTTCCAGGATCCAAGTCG
2.1.8 List of plasmids
Table 2.6 - List of plasmids
Plasmid Insert Vector |Source Cloning
Method
v | pcDNA3 ThermoFisher | -
£ [ pcDNAS/FRT | - ThermoFisher | -
< |/TO
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FFA4-SpNBa- | hFFA4-LgBiT-ER/K- | pcDNA5/ | This Thesis AQUA
G15 SmBiT-G15 FRT/TO Cloning
biosensor
" FFA4-SpNBa- | hFFA4-LgBiT-ER/K- | pcDNA5/ | This Thesis AQUA
5 |Gi3 SmBiT-Gi3 biosensor | FRT/TO Cloning
w1
& | FFA4-SpNBa- | hhFFA4-LgBiT-ER/K- | pcDNA5/ | This Thesis AQUA
_§ Gz SmBiT-Gz biosensor |FRT/TO Cloning
z FFA4-SpNBb- | hFFA4-SmBiT-ER/K- | pcDNA5/ | This Thesis AQUA
Z |G15 LgBiT-G15 biosensor |FRT/TO Cloning
(7]
FFA4-SpNBb- | hFFA4-SmBiT-ER/K- | pcDNA5/ | This Thesis AQUA
Gi3 LgBiT-Gi3 biosensor |FRT/TO Cloning
FFA4-SpNBb- | hFFA4-SmBiT-ER/K- | pcDNA5/ | This Thesis AQUA
Gz LgBiT-Gz biosensor |FRT/TO Cloning
FFA4-LgBiT | hFFA4 receptor pcDNA3 | Unpublished | Restriction
tagged with LgBiT from our cloning
on C terminus laboratory
FFA1-LgBiT | hFFA1 receptor pcDNA3 | Unpublished | Restriction
tagged with LgBiT from our cloning
on C terminus laboratory
2 |Lyn11-LgBiT |Lyn11 membrane pcDNA5/ | This Thesis AQUA
o anchor fused to FRT/TO cloning
§ LgBiT
g Lyn11-FL- Lyn11-(GSG)4 pcDNA5/ | This Thesis AQUA
v LgBiT flexible linker-LgBiT |FRT/TO cloning
§ Lyn11- Lyn11 fused to pcDNA5/ | This Thesis AQUA
@ | SmBIT SmBIT FRT/TO cloning
o
8 |Lyn11-FL- Lyn11-(GSG)4-SmBiT | pcDNA5/ | This Thesis AQUA
o | SmBIT FRT/TO cloning
(%]
= |Lyn11-mNG- | Lyn11-(GSG)s- pcDNA5/ | This Thesis AQUA
8 |SmBIT mNeonGreen-SmBiT | FRT/TO cloning
i’ Lyn11-mNG- | Lyn11-(GSG)4- pcDNA5/ | This Thesis AQUA
S |FL-SmBiT mNeonGreen- FRT/TO cloning
= (GSG)4-SmBiT
7]
= | SmBIiT-CAAX | SmBiT-(GSG)s-CAAX | pcDNA3 | This Thesis AQUA
membrane anchor cloning
SmBiT-mNG- | SmBiT-mNeonGreen- | pcDNA3 | This Thesis AQUA
CAAX (GSG)4-CAAX cloning
SmBiT-FL- SmBiT-(GSG)4- pcDNA3 | This Thesis AQUA
mNG-CAAX | mNeonGreen- cloning
(GSG)4-CAAX
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SmBIT- Bovine Arrestin-3 pcDNA3 | Unpublished | Restriction
Arrestin tagged on its N from our cloning
terminus with SmBiT laboratory
Arrestin- Bovine Arrestin-3 pcDNA3 | Unpublished | Restriction
SmBIT tagged on its C from our cloning
terminus with SmBiT laboratory
SmBiT- Bovine Arrestin-3 pcDNA3 | This Thesis AQUA
Arrestin- tagged on both cloning
SmBIT termini with SmBiT
LgBiT- Bovine Arrestin-3 pcDNA3 | Unpublished | Restriction
wn | Arrestin tagged on its N from our cloning
S terminus with LgBiT laboratory
§ Arrestin- Bovine Arrestin-3 pcDNA3 | Unpublished | Restriction
Q | LgBiT tagged on its C from our cloning
'2 terminus with LgBiT laboratory
‘qm'; NBA Plasmid | Lyn11-LgBiT and pcDNA3 | This Thesis AQUA
= SmBiT-Arrestin cloning
< constructs
separated by P2A
ribosomal skipping
sequence
pIRES Lyn11-mNeonGreen | pIRES (Marsango et | Restriction
arrestin and human Arrestin- al., 2022) cloning
recruitment | 3 tagged on its N
terminus with
NanoLuciferase
separated by
internal ribosome
entry site (IRES)
" SmBiT- MiniGsq protein pcDNA3 | Dr Bianca
5 | miniGq tagged on its N Plouffe,
e terminus with SmBiT Queen’s
§ University
B Belfast
% SmBiT- MiniGsi protein pcDNA3 | This Thesis AQUA
< | miniGi tagged on its N cloning
terminus with SmBiT
FFA4-HA Human FFA4 pcDNA5/ | (Butcher et
receptor with C FRT/TO |al., 2014)
n terminal HA tag
2 |Hca2 Human HCA2 PCDNAS5/ | Unpublished | AQUA
o] receptor FRT/TO |from our cloning
S laboratory
GPR35 Human GPR35 pcDNA5/ | (Jenkins et
receptor FRT/TO |al., 2012)
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GPR84-HA Human GPR84 pcDNA5/ | (Jenkins et
receptor with C FRT/TO |al., 2021)
terminal HA tag
FFA2-HA Human FFA2 pcDNA5/ | (Bolognini et
receptor with C FRT/TO |al., 2019)
terminal HA tag
FLAG-FFA3 | Human FFA3 pcDNA3 | Dr Leigh
receptor with N Stoddart,
terminal FLAG tag unpublished
mNG-NLuc | mNeonGreen- pcDNA3 | Unpublished | Restriction
NanoLuciferase from our cloning
fusion protein laboratory
GeNL Green NanoLantern |pcDNA3 | (Suzuki et AQUA
construct al., 2016) cloning
(mNeonGreen fused
with
NanoLuciferase)
YeNL Yellow NanoLantern | pcDNA3 | (Suzuki et AQUA
" construct (Venus al., 2016) cloning
s fused with
§ NanoLuciferase)
,§ CeNL Cyan NanoLantern pcDNA3 | (Suzuki et AQUA
Q@ construct al., 2016) cloning
o .
g (mTurquoise fused
= with
¢ NanoLuciferase)
§ Lyn11- Lyn11-(GSG)4- pcDNA5/ | This Thesis AQUA
S | GelgBiT mNeonGreen-LgBiT |FRT/TO cloning
Lyn11- Lyn11-(GSG)4-Venus- | pcDNA5/ | This Thesis AQUA
YelLgBiT LgBiT FRT/TO cloning
Lyn11- Lyn11-(GSG)4- pcDNA5/ | This Thesis AQUA
CelLgBiT mTurquoise-LgBiT FRT/TO cloning
SmBiT-mNG- | SmBiT-mNeonGreen- | pcDNA3 | This Thesis AQUA
Arrestin Bovine Arrestin-3 cloning
SmBiT-FL- SmBiT-(GSG)4- pcDNA3 | This Thesis AQUA
mNG- mNeonGreen- cloning
Arrestin Bovine Arrestin-3
o p0G44 Flp Recombinase p0G44 ThermoFisher | -
£
o




2.1.9 List of cell lines

Table 2.7 - List of cell lines
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Cell Line

Parental Cell
Line

Expressing

Source

Human Embryonic

Kidney (HEK) 293-T

ATCC

Simpson Golabi
Behmel Syndrome
(SGBS)

Wabitsch Group,
University of
Ulm, Germany

Parental Flp-In™ T-
REx™ 293

ThermoFisher

293

LgBiT-Gz biosensor

Primary human Dr Gillian
adipose-derived Higgins,
stromal cells University of
(ADSCs) Glasgow
[Biobank 314]
FFA4-SpNBa-G15 Flp-In™ T-REx™ | FFA4-LgBiT-ER/K- This Thesis
293 SmBiT-G15 biosensor
FFA4-SpNBa-Gi3 Flp-In™ T-REx™ | FFA4-LgBiT-ER/K- This Thesis
293 SmBiT-Gi3 biosensor
FFA4-SpNBa-Gz Flp-In™ T-REx™ | FFA4-LgBiT-ER/K- This Thesis
293 SmBiT-Gz biosensor
FFA4-SpNBb-G15 Flp-In™ T-REx™ | FFA4-SmBiT-ER/K- This Thesis
293 LgBiT-G15 biosensor
FFA4-SpNBb-Gi3 Flp-In™ T-REx™ | FFA4-SmBiT-ER/K- This Thesis
293 LgBiT-Gi3 biosensor
FFA4-SpNBb-Gz Flp-In™ T-REx™ | FFA4-SmBiT-ER/K- This Thesis

2.1.10

Specialised equipment

BMG PHERAstar, CLARIOstar & POLARstar microplate readers (BMG Labtech)

Countess™ 3 Automated Cell Counter (Thermo Scientific, Invitrogen)

EVOS™ FL Auto 2 Imaging System (Thermo Scientific, Invitrogen)

LI-COR Odyssey Sa Infrared Imaging System (LI-COR Biosciences)

LSM980 Confocal Laser Scanning Microscope (Zeiss)
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Neon™ Transfection System (Thermo Scientific, Invitrogen)

NuGenius XE Gel Documentation System (Syngene)

QuantStudio™ 5 Real-Time PCR System (Thermo Scientific, Invitrogen)

Vivatome Spinning Disk Confocal Microscope (Zeiss)
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2.2 Cell Culture

All cell culture protocols were carried out in sterile conditions in a laminar flow
biosafety hood. Reagents were warmed to 37°C in a water bath before use. Cell
lines were routinely tested for mycoplasma using MycoStrip® Mycoplasma

Detection Kit following manufacturer’s instructions.

2.2.1 General cell culture methods
2.2.1.1 Cell line maintenance

All cell lines used were routinely cultured in their respective complete medium
solutions as described in Table 2.1. Human Embryonic Kidney (HEK) 293-T cells,
Parental Flp-In™ T-REx™ 293 cells and Flp-In™ T-REx™ 293 cells stably expressing

biosensor constructs were maintained in HEK293-T complete medium.

Cells were maintained in T75 tissue culture flasks in a humidified incubator at
37°C and 5% CO;. Once confluent, culture medium was aspirated, and cells were
incubated with TrypLE Express enzyme for approximately 3-5 minutes until cells
detached from the flask. Complete medium was added to neutralise the enzyme
and cell suspension was centrifuged at 290 g for 5 minutes. The resulting cell
pellet was resuspended in fresh medium. Cell counts and viability were
determined by diluting cell suspension 1:1 in 0.4% trypan blue solution and
reading on Countess™ 3 Automated Cell Counter. Cells were then diluted to
desired concentration for plating, and an appropriate volume transferred to a

new T75 flask containing fresh medium.

2.2.1.2 Cell line cryopreservation

For long-term storage, cell lines were cryopreserved and stored at -80°C

or -150°C. To prepare cells for cryopreservation, confluent flasks were
harvested and centrifuged as described in section 2.2.1.1. Pellets were
resuspended in the relevant complete medium containing 10% (v/v) Dimethyl
Sulfoxide (DMSO) as a cryoprotectant and transferred to cryovials. Cryovials
were placed in a Mr. Frosty™ Freezing Container (ThermoFisher) at -80°C to slow
the rate of freezing to approximately -1°C/minute. After 24 hours, cryovials

were transferred to storage in the -80°C or -150°C freezers. Cryopreserved cells
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were revived by thawing rapidly in a water bath and resuspending in complete
medium. The cell suspension was centrifuged at 290 g for 5 minutes, pellet
resuspended in fresh medium and transferred to a sterile culture flask. Cell lines

were then maintained as described in section 2.2.1.1.

2.2.2 Transient transfection
2.2.2.1 DNA transfection using Polyethylenimine

Plasmid DNA expressing relevant constructs was introduced into mammalian cell
lines using the cationic polymer, polyethylenimine (PEIl). PEI complexes with DNA
to form positively-charged particles which bind to the anionic cell membrane

and are endocytosed to the cytoplasm (Boussif et al., 1995).

Plasmid DNA was diluted in 150 mM sodium chloride solution and mixed with an
equal volume of PEI transfection solution (120 pg/mL in 150 mM sodium
chloride), using 720 ng PEI per ug of DNA. Total amounts of DNA and PEI used for
different vessel types are given in Table 2.8. The mixture was vortexed and
incubated at room temperature for 10 minutes to allow DNA and PEI to complex.
The DNA-PEI mixture was then added dropwise to adherent cells or mixed with
the cell suspension immediately prior to plating. Cells were incubated with the

transfection mixture for at least 24 hours before cells were used in assays.

Table 2.8 - Transfection conditions for different vessel sizes

Vessel Type Total DNA/well PEI used/well Volume DNA-PEI
mixture/well

10 cm dish 5 g 3.6 ug 500 pL

6-well plate 1 g 720 ng 100 pL

96-well plate 100 ng 72 ng 10 pL

2.2.2.2 Alternative DNA lipofection methods

To optimise transfection of SGBS cells, alternative lipofection reagents
Lipofectamine™ 3000 (Invitrogen) and TransIT®-LT1, -2020 and -X2 (Mirus Bio)
were investigated for their potential to improve transfection efficiency. Plasmid
DNA was prepared at 100 ng/well for 96-well plates and transfection was carried

out following manufacturer’s guidelines.
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Per well, working stocks of Lipofectamine™ 3000 and P3000 reagent were
prepared by diluting 0.15 pL reagent in 5 pL serum free medium. P3000 stock
was mixed first with DNA, then mixed with the Lipofectamine™ 3000 reagent.
The solution was incubated at room temperature for 10 minutes and 10 pL DNA-
lipid transfection mixture was added dropwise to adherent cells. Cells were

incubated with the transfection mixture for at least 24 hours before use.

For all TransIT® reagents, DNA was initially mixed with serum-free medium and
TransIT® reagent added to a final dilution of 1:30. The mixture was incubated at
room temperature for 15-30 minutes and added dropwise to adherent cells. Cells

were incubated with the transfection mixture for at least 24 hours before use.

2.2.2.3 mRNA transfection using Lipofectamine™ MessengerMAX™

MRNA was prepared as described in section 2.3.4 and transfected into SGBS cells
using Lipofectamine™ MessengerMAX™ reagent. Per well, 100 ng mRNA was
mixed with 5 pL serum free medium. Lipofectamine™ MessengerMAX™ reagent
was prepared by diluting 0.15 pL reagent in 5 pL serum free medium and added
to mRNA mixture. The solution was incubated at room temperature for 5
minutes and 10 pL RNA-lipid transfection mixture was added dropwise to
adherent cells. Cells were incubated with the transfection mixture for at least

24 hours before use.

2.2.2.4 Electroporation

In cases when lipofection methods resulted in poor transfection efficiency,

electroporation was carried out using the Neon™ Transfection System.

SGBS cells were harvested and counted, then cell suspension was centrifuged at
290 g for 5 minutes and pellet washed with PBS. Following a further
centrifugation at 290 g for 5 minutes, cells were resuspended at a final density
of 0.5 x 107 cells/mL in Resuspension Buffer R. Cell suspension was mixed with
500 ng plasmid DNA/well of a 24-well plate.

The Neon™ device and pipette station were set up following the manufacturer’s
guidelines with 3 mL Electrolytic Buffer E. 10 uL DNA-cell mixture was aspirated

into the Neon™ pipette tip and electroporation carried out at 1275 V with 10 ms
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pulse width for 3 pulses, or with voltage, pulse and time parameters as

described in relevant figures.

Electroporated cell suspension was then slowly dispensed into pre-warmed 24-
well plates containing SGBS complete medium without antibiotics.
Electroporated cells were incubated at 37°C and 5% CO2 in a humidified
incubator for 24 hours before transfection efficiency was assayed as described in
section 2.2.2.5.

For spheroid electroporation, 16-24 spheroids were pooled, washed with PBS and
resuspended in 10 pL Resuspension Buffer R. 1 ug of DNA was added and 10 pL
DNA-spheroid mixture aspirated into the Neon™ pipette tip. Electroporation was
carried out as described above and spheroids were dispensed into eppendorf
tubes containing 1 mL pre-warmed SGBS complete medium without antibiotics.
Spheroids were then collected and individually dispensed into a 96-well ultra-low
adhesion plate also containing pre-warmed SGBS complete medium without
antibiotics. Electroporated spheroids were incubated at 37°C and 5% CO in a
humidified incubator for 24 hours before transfection efficiency was assayed as

described in section 2.2.2.5.

2.2.2.5 Assessment and evaluation of transfection

When cells had been transfected with a construct expressing a green fluorescent
protein, cells in a clear 96-well plate were visualised using the FITC filter (Ex:
480 nm, Em: 510 nm with bandpass of 20 nm) on the NIKON Ti S screening

microscope to visually confirm expression.

For quantitative analysis, appropriate fluorescent or luminescent measurements
were taken using the CLARIOstar depending on specific constructs expressed and
is described in relevant figures. Typically, cells were washed twice with 200 pL
HBSS-H and incubated in 90 pL HBSS-H for 30 minutes at 37°C. NanoGlo
furimazine substrate was prepared at final 1:800 dilution and added to cells
before incubation for a further 10 minutes at 37°C in the dark. Raw
luminescence measurements were taken on the CLARIOstar before and after

addition of NanoGlo furimazine substrate. Furthermore, luminescent emission
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spectra were generated using the CLARIOstar spectral scan mode, measuring

luminescent signal at 2-5 nm intervals across the range 420 nm to 580 nm.

mNeonGreen fluorescence intensity was measured on the CLARIOstar with
excitation at 483 nm (bandpass 15 nm) and emission at 530 nm (bandpass

20 nm). Finally, cells were stained with Hoescht 33342 as described in section
2.5.3 and fluorescence intensity measured on the CLARIOstar with excitation at
355 nm (bandpass 20 nm) and emission at 455 nm (bandpass 30 nm). For 96-well
plates, a single measurement read was taken per well. For 24-well plates,
measurements were taken in a 5 x 5 matrix using well scan mode and an average

taken.

2.2.3 Generation of Flp-In™ T-REx™ 293 cells stably expressing
biosensor constructs

Flp-In™ T-REx™ 293 cell lines inducibly expressing the SpNB biosensor constructs
were generated following manufacturer guidelines and as previously described
(Ward et al., 2011). Briefly, a donor plasmid is generated in a pcDNA5/FRT/TO
vector containing a FRT recombination site and the biosensor construct of
interest under the control of a CMV promoter containing TetO2 operator
sequences. Flp-In™ parental cells contain a FRT site at a defined genomic locus
and stably express the Tet repressor protein. When the donor plasmid is co-
transfected with a Flp recombinase into the parental cells, recombination occurs
between the FRT sites resulting in site-specific stable integration of the
biosensor construct into the genome of the Flp-In™ host cells. Expression of the
biosensor can be induced by application of doxycycline which releases the Tet

repressor protein from the TetO2 sites and allowing transcription

Parental Flp-In™ T-Rex™ 293 cells were grown to 80% confluence in 10 cm tissue
culture dishes and transfected with 4 pg pOG44 plasmid expressing the Flp
recombinase and 1 pug SpNB construct in pcDNA5/FRT/TO vector using standard
PEI transfection as described in section 2.2.2.1. After 24 hours, cells were
passaged into new dishes and after a further 24 hours, cells were cultured in
Flp-In™ T-REx™ 293 selection medium (Table 2.1). Only cells where the desired
construct has integrated at the FRT site within the parental cell line will survive.

After approximately 2 weeks, isogenic colonies were harvested, pooled, and
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maintained as new stable inducible cell lines. Expression of the biosensor
constructs could be induced 24 hours prior to use by replacing culture medium

with fresh HEK293-T complete medium containing doxycycline at 0.5-100 ng/mL.

2.2.4 SGBS adipocyte culture

Simpson Golabi Behmel Syndrome (SGBS) preadipocyte cells were kindly
provided by Prof. Martin Wabitsch at the University of Ulm, Germany. Cells were
maintained in SGBS complete medium (Table 2.1) in T150 culture flasks as
described in section 2.2.1, with culture medium changed every 2-3 days and
passaged when near-confluence. Where possible, cells were not used beyond

passage 6.

2.2.4.1 Assessing growth of SGBS cells in different culture media

To assess the growth of SGBS cells in different culture media, cells were
gradually transitioned from standard SGBS complete medium containing 10% FBS
to the indicated medium containing Human Serum or Human Platelet Lysate by
daily partial medium changes (i.e. 1:0, 3:1, 1:1, 1:3, 0:1). Cells were then
plated at 3000 cells/cm? in 12- or 24-well plates in growth medium and
incubated at 37°C/5% CO; overnight. Cells were washed and indicated medium
added as described. Cells were incubated for up to 7 days at 37°C/5% CO2, with
fresh medium added after 3 days. Cell counts were quantified at indicated time

points as described in section 2.5.3.

2.2.4.2 Differentiation of SGBS adipocytes in 2D

Unless otherwise indicated, SGBS cells were differentiated as previously
described (Lee and Fried, 2014). Multi-well tissue culture plates were coated
with 20 pg/cm? collagen in sterile water, incubated at 4°C overnight or at 37°C
for 4 hours and washed in sterile water before use. Cells were plated at an
appropriate density for plate type. When near confluent, cells were washed in
Phosphate Buffered Saline (PBS) and the medium was changed to SGBS OF
medium containing differentiation cocktail of 10 yg/mL apo-Transferrin, 100 nM
human insulin, 2 nM triiodothyronine (T3), 100 nM dexamethasone, 500 uM 3-
isobutyl-1-methylxanthine (IBMX) and 1 uM rosiglitazone (day 0). On day 4,

medium was changed to serum-free growth medium containing maintenance
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cocktail of 10 pug/mL apo-Transferrin, 10 nM insulin and 10 nM dexamethasone.
Maintenance medium was replaced on day 8 and day 12, and adipocytes used on
day 14.

2.2.4.3 Generation of SGBS adipocyte spheroids

Unless otherwise stated, SGBS preadipocytes were counted and seeded at 10,000
cells/well in 50 pL complete culture medium into 384-well Ultra Low Adhesion
(ULA) plates. ULA plates have been treated with a hydrophilic coating which
results in cells adhering to each other rather than to the plate. Plates were
incubated at 37°C/5% CO; for 48 hours to allow spheroids to form then
differentiated to adipocytes as described in section 2.2.4.1.

To ensure spheroids remained in the plates, multiple partial media changes were
carried out; starting with a volume of 50 pL medium, 30 pL medium was
removed using a manual multichannel pipette and replaced with 60 uL PBS or
differentiation medium. At least two 60 pL washes were carried out before a

final 60 pL was removed and replaced with 30 pL differentiation medium.

Undifferentiated spheroids were used on day 0 of differentiation for RNA
extraction and fixation for imaging, or maintained for 14 days in SGBS complete

culture medium for assays to run simultaneously with differentiated spheroids.

For experiments where adipocyte spheroids were treated with Tumor Necrosis
Factor (TNF) for 14 days, differentiation occurred as described above with
differentiation and maintenance cocktails supplemented with 10 ng/mL TNF. An
additional change in maintenance medium occurred at day 13 where TNF was

also included for spheroids treated with TNF for 24 hours.

2.2.5 Primary human adipose-derived stromal cell culture

Primary human adipose-derived stromal cells (ADSCs) were obtained from Dr

Gillian Higgins and Dr Mathis Riehle at the University of Glasgow.

Human abdominal adipose tissue was obtained from consenting donors, with
ethical approval from Biobank (314) and in line with the Human Tissue Act

(2004). All of the adipose was from females who were having reconstructive
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surgery as part of their breast cancer treatment. Patients who had received neo-
adjuvant chemotherapy were excluded from the study. The ADSCs were

extracted utilising standardised protocols (Kingham et al., 2007).

Cells were maintained in ADSC complete medium (Table 2.1) in T75 culture
flasks as described in section 2.2.1, with regular changes of culture medium
until near-confluence. Cells were harvested and seeded into 384-well ULA plates
at 2000 cells/well. Spheroids were maintained and differentiated as described in
sections 2.2.4.1 and 2.2.4.3 in SGBS OF medium containing differentiation

cocktail.
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2.3 Molecular Biology Techniques

2.3.1 Bacterial techniques

Molecular biology techniques involving Escherichia coli (E. coli) cells were
carried out using aseptic technique by a Bunsen burner flame. Contaminated

liquid waste was collected and treated with chlorine tablets before disposal.

2.3.1.1 Preparation of chemically competent E. coli cells

Frozen stocks of XL1-Blue E. coli were thawed on ice and streaked onto Lysogeny
Broth (LB) 1.5% (w/v) agar plates without selection antibiotics (section 2.1.3)
using a sterile hoop to obtain single colonies and incubated at 37°C overnight.
Single colonies were picked using sterile pipette tips and incubated in 5 mL LB at
37°C overnight in a shaking incubator at 200 rpm. Overnight cultures were sub-
cultured into 100 mL LB in conical flasks and incubated in a shaking incubator at
37°C and 200 rpm for approximately 90 minutes until an optical density (OD) of
0.48 at 600 nm was reached. Cells were chilled on ice for 5 minutes to slow
growth and centrifuged for 10 minutes at 1,800 g at 4°C. The pellet was
resuspended in 20 mL pre-chilled solution 1 (30 mM potassium acetate, 10 mM
RbCl, 10 mM CaClz, 50 mM MnCl,, adjusted to pH 5.8 using 100 mM acetic acid,
15% (v/v) glycerol and sterilised through a 0.2 pym filter) and incubated on ice for
5 minutes. The cell suspension was further centrifuged for 10 minutes at 1,800 g
at 4°C and supernatant discarded. The pellet was then resuspended in 2 mL pre-
chilled solution 2 (10 mM 3-morpholinopropane-1-sulfonic acid (MOPS), 10 mM
RbCl, 75 mM CaClz, 15% (v/v) glycerol and sterilised through a 0.2 pm filter) and
incubated on ice for 15 minutes. Cell suspension was aliquoted into sterile

1.5 mL eppendorf tubes and stored at -80°C.

2.3.1.2 Transformation of competent E. coli cells by heat shock

Plasmid DNA, AQUA cloning reactions or ligation reactions were transformed into
chemically competent XL1-Blue E. coli by a heat shock method. DNA to be
transformed was mixed with 50 yL competent E. coli (section 2.3.1.1) and
incubated on ice for 10 minutes. Cells were heat shocked in a water bath at
42°C for exactly 45 s to allow cells to take up DNA and recovered on ice for

2 minutes. 450 pL LB was added to cell suspension and incubated in a shaking
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incubator at 37°C and 200 rpm for 60 minutes. For transformation of complete
plasmids, 100 pL cell suspension was spread on LB agar plates containing

100 pg/mL ampicillin selection antibiotic. For cloning transformation, cell
suspension was centrifuged at 1,500 g for 3 minutes, supernatant discarded and
pellets resuspended in 100 uL LB. The entire cell suspension was then spread on
LB agar plates containing 100 pg/mL ampicillin selection antibiotic. Agar plates

were inverted to prevent condensation and incubated at 37°C overnight.

2.3.1.3 Isolation of plasmid DNA from E. coli cultures

Plasmid DNA was isolated from E. coli cultures using the QIAprep Spin Miniprep
kit. Single colonies were picked from transformed plates (section 2.3.1.2) using
sterile pipette tips and incubated overnight in 5 mL LB containing 100 pg/mL
ampicillin in a shaking incubator at 37°C and 200 rpm. Cells were then
centrifuged for 10 minutes at 1,800 g at 4°C and pellets lysed. Plasmid DNA was
isolated using the QlAprep Spin Miniprep kit following manufacturer’s guidelines

and eluted in 50 pL sterile nuclease-free dH;0.

When larger quantities of plasmid DNA were required, the QIAGEN Plasmid
Maxiprep kit was used. Single colonies were picked from transformed plates as
above and incubated for 8 hours in 5 mL LB containing 100 pg/mL ampicillin in a
shaking incubator at 37°C and 200 rpm. 5 mL cultures were sub-cultured into
100 mL LB containing 100 pg/mL ampicillin and incubated overnight in a shaking
incubator at 37°C and 200 rpm. Cells were pelleted and lysed as described above
and DNA isolated using QIAGEN Plasmid Maxiprep kit following manufacturer’s

guidelines.

2.3.1.4 Quantification of nucleic acid concentration

Isolated DNA or RNA was quantified using an LVis plate (BMG Labtech) on the
POLARstar microplate reader (BMG Labtech), using nuclease-free dH,0 as sample
blank. Absorbance was measured at 260 nm, 280 nm, 230 nm and 340 nm to
determine concentration and assess purity. Concentration was calculated using
Beer’s law: As4 background measurement was subtracted from blank-corrected
Az60 measurement and multiplied by 40 for RNA or 50 for DNA. The A0/ Azg0 ratio
was used to assess nucleic acid purity from protein contaminants, with a ratio of

1.8 considered pure for DNA, and 2.0 considered pure for RNA. The Ao/A230
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ratio was used to assess purity from other organic compounds, with 2.0-2.2

considered pure.

2.3.2 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was carried out to amplify DNA fragments with

the Herculase Il Fusion PCR kit following manufacturer’s instructions.

For short DNA fragments (<5 kb), 50 pL PCR reactions were prepared with 1 uL
Herculase Il DNA Polymerase, 250 uM dNTPs, 25 ng template DNA, 0.25 pM
forward and reverse oligonucleotide primers and 2% DMSO in 1X Herculase Il
reaction buffer. Reactions were incubated on a thermocycler using the protocol
described in Table 2.9.

Table 2.9 - Thermocycler protocol for <5 kb PCR reactions

Segment Cycles Temperature Duration
Initial Denaturing 1 95°C 2 minutes
Denaturing 95°C 20s
Annealing 30 55°C 20s
Extension 72°C 30 s per kb
Final Extension 1 72°C 3 minutes
Hold - 4°C Hold

To improve amplification of longer DNA fragments (>5 kb), reactions were
prepared as above with oligonucleotide primer concentration increased to

0.5 pM. Reactions were incubated on a thermocycler using an extended protocol
as described in Table 2.10.
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Table 2.10 - Thermocycler protocol for >5 kb PCR reactions

Segment Cycles Temperature |Duration

Initial Denaturing |1 95°C 2 minutes

Denaturing 95°C 20s

Annealing 12 55°C 20s

Extension 68°C 5 minutes

Denaturing 95°C 20s

Annealing 20 55°C 20s

Extension 68°C 5 minutes + 20 s incremental

increase for each cycle

Final Extension 1 68°C 8 minutes

Hold 4°C Hold

Following completion of PCR for longer DNA fragments, template DNA was

digested at methylated GATC motifs by incubating with 1 pL Dpnl restriction

enzyme (New England Biolabs, NEB) at 37°C for 2-4 hours. PCR reaction

components were removed using the QIAquick PCR Purification kit following

manufacturer’s guidelines.

2.3.3 Generation of new plasmids expressing biosensor

constructs

2.3.3.1 AQUA cloning

Plasmids expressing new biosensor constructs were primarily generated using

Advanced Quick Assembly (AQUA) cloning (Beyer et al., 2015), an enzyme-free

seamless cloning approach based on the ability of E. coli to process linear DNA

with overlapping sequence homology.

To construct new plasmids, linear insert and vector fragments were amplified by

PCR (section 2.3.2) using oligonucleotide primers designed to result in >24 bp

overlapping end sequence homology. PCR products were combined with DNA gel

loading dye (NEB) and separated by gel electrophoresis using a 1% (w/v) agarose
gel in Tris-Acetate-EDTA (TAE) buffer (section 2.1.3) containing SYBR safe DNA

gel stain at 1:10,000 dilution. Gels were visualised on a blue light

transilluminator, and desired bands were cut out using a scalpel blade. DNA was
then isolated using QlAquick Gel Extraction Kit (QIAGEN) following
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manufacturer’s instructions. Samples of gel extracted DNA were separated on a
further 1% (w/v) agarose gel containing SYBR safe DNA gel stain and visualised
using NuGenius XE imaging system to assess purity of fragment and determine

approximate DNA concentration relative to 1 kb HyperLadder™ (Bioline).

AQUA cloning reactions were set up with 12 ng linear vector DNA per 1 kb vector
length, combined with linear insert DNA at a 5:1 molar ratio with vector, and
made up to 10 pL final volume in nuclease-free dH,0. DNA fragments were
incubated at room temperature for up to 1 hour, and 5 pL of the DNA mixture
transformed into competent E. coli as described in section 2.3.1.2 for in vivo
plasmid assembly to occur. Plasmid DNA was isolated and purified as described

in section 2.3.1.3.

2.3.3.2 Restriction cloning

Where appropriate restriction sites were present in parental plasmids,
restriction enzyme cloning was used to generate new plasmids. Vector and insert

DNA were digested with complementary restriction enzymes.

1 ug template DNA was combined with 20 Units restriction enzymes in supplied
1X CutSmart buffer (NEB) at 50 pL final volume in nuclease-free water.
Reactions were incubated at 37°C for 4 hours, and 1 pL QuickCIP (NEB) added to
vector samples for a further 30 mins to dephosphorylate DNA sticky ends and
prevent re-ligation. Restriction digest products were purified by gel extraction

and quantified as described in section 2.3.3.1.

T4 ligase reactions were set up with 30 ng linearised vector DNA, linear insert
DNA at a 3:1 molar ratio and 1 Unit of T4 DNA ligase (Invitrogen) in 1X supplied
ligase buffer. Reactions were incubated overnight at 15°C and 5 pL product
transformed into 45 pL competent E. coli as described in section 2.3.1.2.

Plasmid DNA was isolated and purified as described in section 2.3.1.3.

2.3.3.3 Confirmation of new plasmid sequence

To confirm new plasmid DNA contained the expected construct, diagnostic
restriction digests were performed followed by gel electrophoresis to visualise

band sizes. Two restriction enzymes were selected to give DNA fragment bands
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which would differ in size or pattern between the new plasmid and the original
vector plasmid, as conceptually the most likely issue is accidental isolation of
the parental plasmid.

Restriction digests were set up by combining 500 ng plasmid DNA with 10 Units
restriction enzymes in supplied 1X CutSmart buffer (NEB) at 10 pL final volume
in nuclease-free water. Digests were incubated for 30 minutes at 37°C and
products separated on a 1% (w/v) agarose gel containing SYBR safe DNA gel stain
in TAE buffer. Bands were visualised using NuGenius XE imaging system and size
determined relative to 1 kb HyperLadder™ (Bioline).

The identity of plasmids with expected bands in the diagnostic restriction digests
was then confirmed by DNA sequencing. Samples were diluted to 50-100 ng/pL
and in 5 pL nuclease-free dH,0 and combined with 5 pL of 5 uM appropriate
sequencing primer (Table 2.4). Typically, primers targeting the CMV promoter
sequence (forward) and BGH-poly(A) signal (reverse) were used to give complete
coverage of the expressed construct. Samples were shipped to EuroFins
Genomics (Germany) for processing. The resulting sequence was aligned to
desired construct using SnapGene (version 8.0).

2.3.4 In vitro transcription of mRNA

For transfection into SGBS adipocytes, mRNA was produced from pcDNA3 plasmid
DNA by in vitro transcription using the mMESSAGE mMACHINE® T7 kit
(ThermoFisher). First, the desired construct was amplified by PCR (Section
2.3.2) using the CMV Forward and BGH-pTx Reverse primers (Table 2.4). These
primers allowed amplification of the complete coding region as well as the
upstream T7 promoter region and incorporate addition of a poly adenosine tail.
PCR products were gel purified on a 1% (w/v) agarose gel as described in section
2.3.3.1, with at least two PCR reactions pooled to increase concentration of
DNA. 5 pL gel extraction product was assessed for purity on a 1% (w/v) agarose
gel as described in section 2.3.3.1 and DNA concentration quantified as

described in section 2.3.1.4.

In vitro transcription reactions were assembled on ice using components of the
MMESSAGE mMACHINE® T7 kit, comprising up to 1 pg linear template DNA, 1X
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NTP/CAP, 1X reaction buffer and 2 pL enzyme mix per 20 pL reaction. Reactions
were incubated at 37°C for 90 minutes and RNA recovered using the MEGAclear™
kit following manufacturer’s instructions. Samples were brought to a volume of
100 pL using Elution Solution and mixed with 350 pL Binding Solution
Concentrate and 250 pL ethanol. Samples were applied to filter column and
washed twice with 500 uL Wash Solution, with centrifugation for 1 minute at
13,400 g between steps. To elute RNA, 50 pL nuclease-free water was applied to
the filter, incubated at 70°C for 10 minutes and centrifuged for 1 minute at
13,400 g. The elution step was repeated to give a final volume of 100 pL, before
purified RNA was quantified as described in section 2.3.1.4 and stored at -80°C

until required.
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2.4 NanoBiT Protocols

2.4.1 SPASM NanoBiT assay

Flp-In™ T-Rex™ 293 cells stably expressing SPASM NanoBiT (SpNB) biosensors
were plated at 40,000 cells/well in a white tissue culture-treated 96-well plate
coated with 40 pL of 5 pg/mL poly-D-lysine (PDL) and incubated at 37°C and 5%
CO2 overnight. Unless otherwise stated, expression of SpNB constructs was
induced with 0.5 ng/mL doxycycline in HEK293-T complete medium and
incubated overnight. On the day of the assay, cells were washed twice with
HBSS-H and incubated in 80 pL HBSS-H for 30 minutes at 37°C. NanoGlo®
substrate was added by injection using the POLARstar at a final dilution of 1:800
and incubated for 10 minutes at 37°C. Luminescence signal was measured on the
CLARIOstar by kinetic read (well mode) at 37°C. Measurements were taken with
0.5 s read time and 0.5 s interval for 100 s in triplicate. After 10 s, test
compound or vehicle control was added by injection and measurements
continued. Luminescence fold change was calculated by dividing measurement
reads by baseline signal (average of last 5 data points prior to compound

addition) and subtracting vehicle measurements from agonist treatment.

2.4.2 Receptor NanoBiT protein recruitment assays

HEK293-T cells were plated at 40,000 cells/well in a white tissue culture-treated
96-well plate coated with 40 pL of 5 ug/mL PDL and incubated at 37°C and 5%
CO2 overnight.

Unless otherwise stated, cells were transfected using PEl as described in section
2.2.2.1 with 5 ng/well plasmid DNA of each biosensor component (SmBiT and
LgBiT) as indicated in Table 2.11 and adjusted to 100 ng/well total DNA with
pcDNA3 empty vector. Cells were incubated at 37°C and 5% CO; overnight.

On the day of assay, cells were washed twice in HBSS-H and incubated in 80 pL
HBSS-H for 30 minutes at 37°C. NanoGlo® substrate was added at a final dilution
of 1:800 and incubated for 10 mins at 37°C. Luminescence signal was measured
on the CLARIOstar by kinetic read (plate mode) at 37°C. Measurements were
taken with 0.5 s read time and 30-40 s interval for 20 minutes in quadruplicate.

After 5 cycles, test compound or vehicle control was added by injection and
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measurements continued. Luminescence fold change was calculated by dividing
measurement reads by baseline signal (average of first 5 data points prior to
compound addition) and subtracting vehicle measurements from agonist

treatment.

For concentration response curve experiments, measurements were taken at

2 minute intervals and serial dilutions of compounds were added manually in
triplicate after 6 minutes. Data analysis was completed as previously and area
under curve calculated. Where appropriate, data were normalised to the
maximum concentration of reference compound and curves plotted using a three

parameter log agonist vs. response model.

Table 2.11 - Plasmid combinations used in receptor NanoBiT protein recruitment assays

Assay Receptor Expressed Recruited Protein
FFA4 Arrestin Recruitment FFA4-LgBiT SmBiT-B-arrestin-2
FFA4 Mini Gi FFA4-LgBiT SmBiT-miniGi
FFA4 Mini Gq FFA4-LgBiT SmBiT-miniGq
FFA1 Arrestin Recruitment FFA1-LgBiT SmBiT-B-arrestin-2
FFA1 Mini Gi FFA1-LgBiT SmBiT-miniGi
FFA1 Mini Gq FFA1-LgBiT SmBiT-miniGq

2.4.3 Bystander NanoBiT protein recruitment assays

Bystander NanoBiT recruitment assays were completed exactly as described for
the receptor NanoBiT recruitment assays (section 2.4.2) but with changes in

transfection protocol.

Unless otherwise indicated, cells were transfected using PEl as described in
section 2.2.2.1 with 5 ng/well Lyn11-LgBiT, 5 ng/well SmBiT construct,

30 ng/well receptor DNA and adjusted to 100 ng/well total DNA with pcDNA3
empty vector. Cells were incubated at 37°C and 5% CO; overnight and assay

continued as described in section 2.4.2.

2.4.4 Colour-shifted NanoBiT arrestin assays

Colour-shifted NanoBiT arrestin recruitment assays were completed as described

in section 2.4.3, transfecting 10 ng of the indicated biosensor components and
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30 ng of FFA4 receptor per well. During the assay, luminescence measurements
were made using the CLARIOstar with the monochromator set for 475 nm (blue)
or 550 nm (yellow) light with 30 nm bandwidth, in addition to measuring total
luminescence signal. To compare the amount of light emitted at each
wavelength, measurements at 475 nm and 550 nm were expressed as a fold
change of the total luminescence baseline signal (average of first 3 data points
prior to compound addition) and subtracting vehicle measurements from agonist

treatment.

After the completion of assays, emission spectra were generated by measuring
luminescent signal at 2 or 5 nm intervals using the CLARIOstar in spectral scan
mode. Where indicated, the degree of colour shifting was measured by
calculating the area under the curve for the blue (420-480 nm) and green (500-

560 nm) regions and expressing the ratio of green to blue.
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2.5 Staining & Imaging Protocols

2.5.1 Visualisation of membrane-anchored SmBiT constructs by
confocal microscopy

Confocal microscopy was used to assess the localisation of the Lyn11- or CAAX-

anchored SmBiT biosensors expressing mNeonGreen.

HEK293-T cells were plated at 40,000 cells/well in an 8-well glass chamber slide
coated with 100 pg/mL PDL and incubated at 37°C and 5% CO; overnight. Cells
were then transfected with 200 ng/well plasmid DNA using PEI as described in
section 2.2.2.1 and incubated at 37°C and 5% CO; overnight. Cells were washed
in HBSS-H and incubated with 10 pg/mL Hoeschst 33342 prepared in HBSS-H at
room temperature in the dark for 15 minutes to stain nuclei. Cells were again
washed in HBSS-H with fresh HBSS-H added for imaging.

Cells were imaged as Z-stacks on a Zeiss Vivatome spinning disk confocal
microscope using 40X oil-immersion objective lens. Images were viewed and

processed using FlJI (version 2.16.0).

2.5.2 In Cell Western of transfected HEK293-T cells

In Cell Western was used to measure protein expression of transiently
transfected FFA4-HA in HEK293-T cells.

HEK293-T cells were plated in a black 96-well plate with clear bottom and
transfected for a bystander NanoBiT arrestin recruitment assay (section 2.4.3)
using different amounts of plasmid expressing haemagglutinin tagged FFA4
receptor (FFA4-HA) and incubated at 37°C/5% CO; overnight. Culture medium
was aspirated, and cells were fixed in 10% formalin for 15 minutes at room
temperature. Formalin was removed and cells washed twice in PBS. Cells were
permeabilised in 0.1% Triton X-100 in PBS and incubated at room temperature
for 20 minutes with gentle shaking. Triton X-100 was removed, and plate was
washed in PBS for 5 minutes three times. Blocking buffer (5% Bovine Serum
Albumin (BSA) in PBS) was added to reduce non-specific antibody binding, and
plates were incubated at room temperature for 1-2 hours. Blocking buffer was

removed and replaced with rat haemagglutinin primary antibody (Table 2.2) at
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1:1000 dilution in blocking buffer and incubated overnight at 4°C with gentle
shaking.

The following day, primary antibody was collected and cells washed in PBS for 5
minutes three times. Goat anti-rat secondary antibody (Table 2.3) was added at
1:1000 dilution in blocking buffer and incubated at room temperature for 1 hour
in the dark with gentle shaking. Cells were again washed three times in PBS,
before PBS was removed and CellTag™ 700 stain added at 1:500 dilution in
blocking buffer and incubated at room temperature for 1 hour in the dark with
gentle shaking. Cells were washed three times in PBS, PBS removed and plates
imaged on the LI-COR Odyssey using 700 and 800 nm channels. LI-COR Image
Studio™ software was used to select individual wells and quantify fluorescence
intensity in both the 700 nm (Ex: 675 nm, Em: 697 nm) and 800 nm (Ex: 778 nm,
Em: 795 nm) channels. Background signal was subtracted from each of the
respective channels: wells with no cells for the CellTag™ 700 nm measurement
and wells where no primary antibody was used for the 800 nm channel, and the
ratio of 800/700 channel taken to express primary signal normalised to cell

count.

2.5.3 Assessment of cell growth by measurement of cell number

To assess the growth rate of SGBS cells in different culture medium, cells were
plated and allowed to grow as described in section 2.2.4.1. On indicated days,
medium was aspirated and cells washed in filtered PBS. Cells were fixed by
incubation with 10% formalin at room temperature for 15 minutes. Formalin was

removed and cells washed twice in PBS.

Hoeschst 33342 was prepared at a final concentration of 10 ug/mL in PBS, added
to plates and incubated at room temperature in the dark for 15 minutes to stain

nuclei. Cells were washed twice in PBS and fresh PBS added for imaging.

Cells were imaged on the EVOS FL Auto 2 system using the DAPI channel with 4X
magnification and an appropriate number of Fields of View (FOV) to cover >50%
well area. For 12-well plates, 16 FOV were captured and for 24-well plates, 6
FOV were captured. Tiled images were saved and imported to (Fiji is Just)
ImageJ (FIJI; version 2.14.0) for analysis.
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In FIJI, a colour threshold was initially set to isolate individual nuclei
brightspots. The Analyze Particles command was then used to count particles
with area up to 1000 pixel units to exclude large pieces of debris. The number of

nuclei was then expressed as a fold increase relative to the day 1 count.

2.5.4 Staining and quantification of lipid droplets using Oil Red O

Accumulation of lipid droplets in adipocytes, differentiated SGBS cells were
washed in PBS and fixed in 10% formalin for 15 minutes at room temperature.
Formalin was removed, cells washed twice in PBS and stored at 4°C in PBS until

required.

Fixed cells were washed twice in dH;0 and incubated in 60% isopropanol for 5
minutes. Cells were then stained with 1.8 mg/mL Oil Red O (ORO) solution in
60% isopropanol for 20 minutes with gentle shaking. Cells were washed five
times with dH,0 to remove residual dye and imaged using colour camera on the
EVOS FL Auto 2 Imaging System.

To quantify ORO staining, cells were washed a further three times with 60%
isopropanol. ORO was extracted by incubating cells in 100% isopropanol and
incubating at room temperature for 5 minutes with gentle shaking. 50 pL
samples of isopropanol containing extracted ORO were transferred in duplicate
to a 96-well plate and absorbance at 492 nm measured with appropriate path
length correction on the POLARstar. A49; measurement of 100% isopropanol was

subtracted as a baseline control.

For adipocyte spheroids, an equivalent process was followed. 12-24 spheroids
were pooled in an eppendorf tube, washed once in PBS and fixed in 50 pL of 10%
formalin for 1 hour at room temperature. Fixed spheroids were washed twice in
1 mL dH,0 and incubated in 60% isopropanol for 15 minutes at room temperature
with gentle shaking. ORO was added and incubated for 1 hour at room
temperature with gentle shaking, before washing off excess with three 10-
minute washes in 60% isopropanol. 8-10 stained spheroids were transferred to
clean eppendorf tubes and buffer removed. ORO was extracted in 120 pL 100%
isopropanol, 50 pL samples transferred in duplicate to a clear 96-well plate and

quantified as above.
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2.5.5 Confocal imaging of adipocyte spheroids

To visualise adipocyte spheroids using confocal microscopy, 12-50 spheroids
were pooled in eppendorf tubes and culture medium removed. Spheroids were
washed in 1 mL PBS and fixed in 50 pL 10% formalin for 1 hour at room
temperature. Formalin was removed and collected for appropriate disposal, and
spheroids washed twice in 1 mL PBS. Fixed spheroids could then be stored at 4°C

until required.

To stain cell nuclei and lipid droplets, spheroids were stained with Hoescht
33342 and LipidSpot™ 488 dyes respectively. Both dyes were diluted 1:1000 in
PBS, added to spheroid tubes and incubated for 30 minutes at room temperature
in the dark. Spheroids were transferred to an 8-well chamber slide and covered

with one drop of mounting solution containing DAPI.

Spheroids were imaged as Z-stacks on a Zeiss LSM980 laser scanning confocal
microscope using 10X objective lens. Images were viewed using FIJI (version
2.16.0) and processed with ‘subtract background’ plugin and maximum intensity

Z-stack projection obtained.

2.5.6 Immunocytochemistry of adipocyte spheroids

Immunocytochemistry (ICC) was performed on adipocyte spheroids to identify

protein expression of adipocyte markers.

20-25 spheroids were pooled in eppendorf tubes and fixed in 10% formalin as
described in section 2.5.5. Formalin was removed and spheroids washed twice in
1 mL PBS. Spheroids were permeabilised in 0.1% Triton X-100 in PBS for 10
minutes at room temperature with gentle shaking. A short incubation time was
chosen to reduce potential effects to lipid droplet morphology. Triton X-100 was
removed and washed off with three 5-minute PBS washes with gentle shaking.
Spheroids were incubated with blocking buffer (5% BSA in PBS) for 1-2 hours at
room temperature with gentle shaking. Primary mouse Perilipin 1 antibody
(Table 2.2) was added at 1:500 dilution in blocking buffer overnight at 4°C on a
rotator. Primary antibody was collected, and spheroids were washed three times
in PBS for 10 minutes at room temperature with gentle shaking. Secondary goat
anti-mouse antibody (Table 2.3) was added at 1:400 dilution in blocking buffer
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and incubated for 1 hour in the dark with gentle shaking. Secondary antibody
was removed, and spheroids washed three times in PBS for 10 minutes at room

temperature with gentle shaking.

Wash buffer was removed and spheroids were collected using a cut P200 pipette
tip which had been pre-coated in blocking buffer to prevent spheroids sticking to
the inside of the tip. Spheroids were transferred to a glass microscope slide and
any remaining buffer removed with a pipette tip. Spheroids were covered with
one drop of mounting solution containing DAPI nucleic acid stain and a coverslip
added. Slides were incubated in the dark for 2 hours at room temperature or

overnight at 4°C to allow slide to dry and then sealed with nail varnish.

Spheroids were imaged on a Zeiss LSM980 laser scanning confocal microscope
using 40X oil-immersion objective lens. Images were viewed using FIJI (version

2.16.0) and processed with ‘subtract background’ plugin.

2.5.7 Preparation of spheroids for paraffin sectioning

Paraffin sectioning was carried out with the support of Frazer Bell and the team
at the University of Glasgow Veterinary School.

50 spheroids at indicated time points of differentiation were pooled and fixed in
10% formalin as described in section 2.5.5. PBS wash was aspirated and spheroids
were stained in 50 pL haematoxylin for 2 minutes at room temperature to
improve visibility of the spheroids within paraffin blocks. Haematoxylin was
removed and spheroids washed several times in PBS until wash buffer remained

clear.

To better contain spheroids for manipulation through processing, spheroids were
embedded in 2% agarose in water. Molten 2% agarose was prepared and 200 puL
added to a pre-warmed eppendorf tube on a heat block at 60°C. Wash buffer
was removed from stained spheroids, leaving <50 pL remaining, and spheroids
transferred into the molten agarose using a cut P200 pipette tip. Agarose was
gently stirred with a pipette tip to disperse spheroids and tubes immediately
placed on ice to set. Embedded spheroids were then transferred to the

University of Glasgow Veterinary School for processing, sectioning and staining.
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Agarose plugs were removed from eppendorf tubes and processed as individual
blocks using a standard histology protocol. Samples were dehydrated through
alcohols, cleared through xylenes and impregnated with plasticised paraffin wax.
Wax blocks were sectioned using a microtome and sections collected on PDL-

coated glass slides.

Sections on glass microscope slides and stained for haematoxylin and eosin (H&E)
were returned and imaged using the colour camera on the EVOS FL Auto 2

Imaging System.

2.5.8 Preparation of spheroids for cryosectioning

Cryosectioning was carried out with the support of Tyler Shaw at the Glasgow
Imaging Facility, University of Glasgow to obtain sequential sections through
SGBS spheroids.

25 spheroids at day 0 or day 14 were pooled and fixed in 50 pL 4%
paraformaldehyde (PFA) overnight at 4°C. PFA was removed and spheroids
washed twice in 1 mL PBS. Spheroids were again stained in haematoxylin for 2
minutes to improve visibility within the sample and washed thoroughly to
remove excess stain. Wash buffer was removed, and samples were incubated
overnight in 30% (w/v) sucrose in PBS at 4°C to protect against freezing

artifacts.

Spheroids samples were then embedded in 7.5% (w/v) gelatin solution in 10%
(w/v) sucrose solution for 1 hour at 37°C. Samples were then snap frozen and
sectioned at 7 um on the cryostat. Cryosections were mounted on glass

microscope slides and stored at -80°C until required.

2.5.9 Haematoxylin & Eosin staining of adipocyte spheroid
sections

Cryosections of adipocyte spheroids were stained with haematoxylin & eosin
(H&E) to assess morphology and structure. Sections were thawed under foil for 1
hour and placed in a staining rack. Slides were initially rinsed in warm tap water
to remove any residual gelatin then submerged in filtered haematoxylin for 5

minutes with regular agitation to stain nuclei. Haematoxylin was rinsed well in
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tap water to remove excess stain and set nuclei staining through bluing. Slides
were counterstained by submerging in Eosin Y for 10 seconds. H&E staining was
then differentiated by submerging in two changes of 95% ethanol, and samples
dehydrated by submerging in two changes of 100% ethanol for 5 minutes each.
Samples were cleared by incubating for 10 minutes in two changes of Histo-Clear
Il xylene alternative and coverslips mounted using Dibutylphthalate Polystyrene
Xylene (DPX) mounting medium. Once dried, slides were imaged on the EVOS FL

Auto 2 Imaging System.

2.5.10 Immunohistochemistry of adipocyte spheroid sections

Immunohistochemistry (IHC) was completed on cryosections of adipocyte
spheroids to assess expression of protein markers. IHC was completed using the
horseradish peroxidase (HRP) method, where a secondary antibody is conjugated
to the HRP enzyme which converts the 3,3’-diaminobenzidine (DAB) with Nickel
substrate into a dark brown precipitate which can be visualised using brightfield

microscopy.

Sections were thawed under foil for 20 mins and placed in a staining rack. Slides
were rinsed four times for 10 minutes in Tris Buffered Saline (TBS; section 2.1.3)
warmed to 37°C to remove residual gelatin. Slides were incubated in 3% (v/v)
H202 in methanol for 20 minutes to block endogenous peroxidase activity which
may interfere with antigen detection. Slides were washed for 10 minutes in tap
water and transferred to fresh TBS. Sections were circled with a hydrophobic
pen and blocked with 2.5% horse serum for 2 hours at room temperature.
Primary antibodies were diluted to an appropriate working concentration (Table
2.2) in PBS containing 1% (w/v) BSA, added to slides and incubated overnight at
4°C. Controls were included where primary antibody was replaced with an equal
concentration of rabbit IgG control antibody, or buffer alone. Primary antibody
was collected and slides were washed twice for 10 minutes in TBS. Secondary
ImMmPRESS HRP Horse Anti-Rabbit IgG antibody (Table 2.3) was added for 1 hour
at room temperature and washed in TBS containing 0.1% (v/v) Tween-20 for 10

minutes followed by a final 10 minute wash in TBS.

DAB with Nickel substrate solution (Vector Laboratories) was prepared following

manufacturer’s instructions and added to slides. The development of staining



83

was observed under a microscope and quenched in water after 3-5 minutes.
Slides were then counterstained with haematoxylin, dehydrated and imaged as
described in section 2.5.9.

2.5.11 Electron microscopy of adipocyte spheroids

Electron microscopy was carried out with the support of Margaret Mullen at the

Glasgow Imaging Facility, University of Glasgow.

Spheroids at day 0 or day 14 of differentiation were pooled and fixed in 1.5%
glutaraldehyde in 0.1 M sodium cacodylate for 1 hour at room temperature.
Residual fixative was removed and samples were stored in 0.1 M sodium

cacodylate at 4°C until required.

Samples were rinsed three times for 5 minutes in 0.1 M sodium cacodylate
before negative staining in 1% (w/v) osmium tetroxide in 0.1 M sodium
cacodylate for 1 hour at room temperature. Osmium tetroxide was removed and
samples were washed three times for 10 minutes in dH,0. Samples were then

treated with 0.5% (w/v) uranyl acetate in dH;0 for 1 hour at room temperature.

Samples were rinsed in dH,0 and then dehydrated in increasing concentrations
of ethanol (30%, 50%, 70%, 90%) for 10 minutes each. Samples were washed four

times for 5 minutes in two changes of 100% ethanol.

25111 Scanning Electron Microscopy

For Scanning Electron Microscopy (SEM), dehydrated samples were washed three
times in hexamethyldisilazane (HMDS) for 5 minutes and allowed to dry
overnight. Individual spheroids were mounted onto SEM stubs coated with
conductive tape and coated with 20 nm Au/Pd before imaging on the JEOL IT

100 Scanning Electron Microscope.

2.5.11.2 Transmission Electron Microscopy

For Transmission Electron Microscopy (TEM), dehydrated spheroids were washed
with propylene oxide (PO) three times for 5 minutes, and incubated in a 1:1

solution of PO:EPON™ epoxy resin overnight. Solution was removed, spheroids
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incubated in pure EPON™ resin overnight and changed to fresh EPON resin for
embedding. Samples were transferred to block moulds and incubated at 60°C for
48 hours. Ultrathin sections were cut from the blocks and either stained with
toluidine blue to assess section morphology at a lower magnification, or imaged

on the JEOL 1400 Flash Transmission Electron Microscope.



85

2.6 Adipocyte Assay Protocols

2.6.1 Analysis of spheroid viability using CellTitre-Glo®

Spheroid viability was assessed using CellTitre-Glo® 3D reagent (Promega),
which measures ATP as an indicator of viability, and generates a luminescent
signal.

Individual or pools of 4 spheroids were collected from a ULA spheroid culture
plate and transferred to a white 96-well plate using a P100 micropipette with
cut tip. The volume of culture medium was estimated using a micropipette,
reduced to 40 pL and plate was allowed to sit at room temperature for

30 minutes. 40 pL CellTitre-Glo 3D reagent was added to each well, the plate
was shaken on a plate shaker for 5 minutes at 200 rpm then incubated at room
temperature in the dark for 30 minutes. Total luminescence emission was then

measured on the CLARIOstar.

2.6.2 Analysis of gene expression using qPCR

RNA from SGBS cells was isolated using an RNeasy Mini Kit (QIAGEN) following
manufacturer’s instructions. In 2D, cells from 1 well of a 6-well plate or 4 wells
of a 24 well plate were rinsed with sterile PBS and lysed with 500 pyL RLT buffer
with vigorous pipetting to ensure lysis. In 3D, >20 spheroids were pooled in a
sterile eppendorf tube, washed in PBS and lysed in 250 pL RLT buffer. Samples
were vortexed for 3-5 minutes to ensure complete lysis. RNA isolation was then
completed following the RNeasy Mini Kit protocol, including 15 minute on-
column DNAse digestion using the RNAse-free DNAse set (QIAGEN) to digest
genomic DNA. RNA was eluted in 30 pL nuclease-free dH;0, quantified as

described in section 2.3.1.4 and stored at -80°C until required.

cDNA was synthesised using a Moloney Murine Leukemia Virus (M-MLV) reverse
transcriptase kit (Invitrogen). Up to 1 pg RNA was mixed with 0.5 mM each dNTPs
and 2.5 pM random hexamer primers and incubated at 65°C for 5 minutes.
Master mix, containing 1X included first strand buffer, 10 mM dithiothreitol
(DTT) and 40 Units RNAseOUT™ recombinant ribonuclease inhibitor (Invitrogen)
to reduce RNA degradation, was added and incubated at 37°C for 2 minutes

before 200 Units M-MLV reverse transcriptase enzyme was added. Samples were
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incubated on a thermocycler at 25°C for 10 minutes, 37°C for 50 minutes to
allow reaction to occur, and 70°C for 15 minutes to deactivate the enzyme.
Samples were diluted in nuclease-free water to a concentration between 2.5 and

10 ng/pL RNA equivalent of cDNA and stored at -20°C until required.

Real Time Quantitative PCR (RT-qPCR) was carried out using the Fast SYBR™
Green reagent (Invitrogen). 10 ng RNA equivalent of cDNA was added to a 384-
well gPCR plate (Invitrogen) and combined with 1X Fast SYBR™ Green master mix
and 400 nM forward and reverse primers specific to each gene of interest as
described in Table 2.5. qPCR primers were designed using NCBI Primer-BLAST
tool (Ye et al., 2012). Where possible, primers were designed to span exon-exon

junctions and amplify 100-500 bp regions of the gene coding sequence.

PCR reactions were carried out in duplicate using the QuantStudio 5 Real-Time
PCR System (Invitrogen) using the fluorescence channel for SYBR Green and

protocol as described in Table 2.12.

Table 2.12 - gPCR thermocycler protocol

Segment Cycles Temperature | Duration
Initial Denaturing 1 95°C 20s
Denaturing 44 95°C 1s
Annealing, Extension & Imaging 60°C 20s

Cr values were generated using Design and Analysis 2 instrument software
(ThermoFisher) and analysed using the 22T method to express fold change

relative to reference samples.

2.6.3 Lipolysis assay using Free Glycerol reagent

SGBS adipocyte spheroids were generated and differentiated as described in
section 2.2.4.3. On day 14 of differentiation, 20 spheroids were pooled into
eppendorf tubes. Culture medium was removed and spheroids were washed
three times with HBSS-H. Between washes, tubes were centrifuged at 1,500 g for
2 minutes to gather spheroids at the bottom of the tubes. Wash buffer was
removed and spheroids were incubated in 600 pL HBSS-H containing 1% fatty-acid
free bovine serum albumin (BSA) for 10 minutes. 120 yL samples were taken
(time 0) and replaced with 120 uL test compounds prepared in HBSS-H/1% BSA at
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five times final concentration. Samples were incubated at 37°C for 6 hours, with
120 pL samples taken after 2, 4, and 6 hours. Glycerol standards were prepared
with 200 mg/L equivalent triolein top concentration with serial dilution. 50 pL
sample or standard was transferred in duplicate into a 96-well flat-bottomed
clear plate and mixed with 50 pL free glycerol reagent. Plates were incubated at
37°C for 10 mins and absorbance at 540 nm measured on the POLARstar
microplate reader. The glycerol standard was used to interpolate glycerol
concentrations in samples and corrected for the volume of buffer in assay tubes
at each time point.

2.6.4 Lipolysis assay using Glycerol-Glo™ reagent

SGBS adipocyte spheroids were generated and differentiated as described in
section 2.2.4.3. On day 14 of differentiation, 8-10 spheroids were pooled into
eppendorf tubes using a VOYAGER Adjustable Tip Spacing Pipette (Integra
Biosciences). Culture medium was removed and spheroids were washed as
described in section 2.6.3. Wash buffer was removed and spheroids were
incubated in 200 pL HBSS-H containing 0.5% fatty-acid free bovine serum
albumin (BSA) for 10 minutes. 50 pL samples were taken (time 0) and replaced
with 50 pL test compounds prepared in HBSS-H/0.5% BSA at four times final
concentration. Samples were incubated at 37°C for 3 hours and 50 pyL samples
taken. Glycerol-Glo™ detection reagent was prepared following manufacturer’s
guidance, by diluting Reductase Substrate at 1:100 in Glycerol Detection
Solution one hour before use. Kinetic Enhancer was added at 1:100 immediately
before use. Glycerol standards were prepared with 80 uM top concentration with
1:2 serial dilution. 5 pL sample or standard was transferred into a white low
volume 384-well plate in quadruplicate and mixed with 5 pL detection reagent.
Assay plate was incubated for 1 hour at room temperature in the dark and raw
luminescence signal measured on the CLARIOstar. Signal was expressed as a fold

change relative to the baseline before compound addition.

In assays comparing the performance of Free Glycerol and Glycerol-Glo™
reagents, the assay was performed following the protocol for the Free Glycerol
reagent (section 2.6.3) in an initial volume of 600 uL HBSS-H containing 1% BSA.
150 pL samples were taken and replaced with 150 yL compounds prepared at

four times final concentration, and 150 pL samples taken at each time point.
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After incubation period, 50 pL samples were taken in duplicate to a clear 96-well
plate for Free Glycerol assay, and 5 pL samples were taken in quadruplicate to a
white 384-well plate for Glycerol-Glo™ assay. The assays were then continued

following their respective protocols.

2.6.5 Glucose uptake assay

SGBS adipocyte spheroids were generated and differentiated as described in
section 2.2.4.2, with insulin removed from differentiation medium on day 13. On
day 14 of differentiation, medium was changed to SGBS OF medium (Table 2.1)
and incubated at 37°C/5% CO; for 4 hours to serum starve the spheroids in

advance of the assay.

8 spheroids were pooled into eppendorf tubes using a VOYAGER Adjustable Tip
Spacing Pipette (Integra Biosciences). Culture medium was removed, and
spheroids were washed twice with KRP-H. Between washes, tubes were
centrifuged at 1,500 g for 2 minutes to gather spheroids at the bottom of the
tubes. Spheroids were incubated at 37°C in 100 pL KRP-H buffer for 15 minutes.
1 UM insulin or vehicle was added to stimulate glucose uptake and tubes
incubated at 37°C for a further hour. In some experiments, 40 uM cytochalasin B
(or vehicle) was added to block actin polymerisation and act as a baseline
control. Glucose Uptake-Glo™ detection reagent was prepared following
manufacturer’s guidance, by combining 100 pL luciferase reagent, 1 uL NADP*,
2.5 pL Glucose-6-Phosphate Dehydrogenase, 0.5 pL reductase and 0.0625 pL
reductase substrate per reaction, and resting for one hour at room temperature
before use. After incubation time, KRP-H assay buffer containing compounds was
removed and replaced with 50 pL KRP-H containing 1 mM 2-deoxyglucose (2DG)
for 20 minutes at room temperature unless otherwise stated. 25 pL stop buffer
was added and samples vortexed to lyse spheroids. 25 pL neutralisation buffer
was added simultaneously with 100 pL detection reagent and samples vortexed.
90 pL samples were transferred in duplicate to a white 96-well plate and
incubated at room temperature for 1 hour. Luminescence signal was measured
on the CLARIOstar, technical replicates averaged, and data expressed relative to

vehicle result.
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2.6.6 Bystander BRET arrestin recruitment assay

Arrestin recruitment was measured in electroporated samples using a single
plasmid which expresses both components of a BRET bystander arrestin
recruitment biosensor - Lyn11-mNG and NLuc-Arrestin-3 - separated by an
Internal Ribosome Entry Site (IRES). Differentiated or undifferentiated SGBS cells
and spheroids were electroporated as described in section 2.2.2.4 with equal

amounts of pIRES plasmid and plasmid expressing FFA4-HA.

For SGBS cells in 2D, 250,000 undifferentiated cells were electroporated with

1 ug pIRES plasmid and 1 pg FFA4-HA plasmid or pcDNA control and dispensed
into a 24-well plate for incubation at 37°C and 5% CO2 overnight. The following
day the cells were harvested from the 24-well plate, each well was resuspended
in 800 pL SGBS complete medium and 100 pL cell suspension plated per well of a
collagen-coated white 96-well plate. Cells were again incubated at 37°C and 5%
CO2 overnight. On the day of assay, cells were washed twice in HBSS-H and
incubated in 80 pL HBSS-H for 30 minutes at 37°C. NanoGlo® substrate was
added at a final dilution of 1:800 and incubated for 10 mins at 37°C. BRET signal
was measured on the PHERAstar using the BRET 1 plus optic module with
luminescent readings made at 475 nm (donor) and 535 nm (acceptor) and
expressed as the acceptor/donor ratio. Kinetic measurements were taken at
37°C with 1 s read time and 1 minute interval for 20 minutes in triplicate. After
3 cycles, 10 uM TUG-891 or vehicle control was added by injection and
measurements continued. Net BRET was calculated by dividing BRET ratio by
baseline signal (average of first 3 data points prior to compound addition) and

subtracting vehicle measurements from agonist treatment.

For spheroids assays, 36-48 spheroids were electroporated with 1 pg pIRES
plasmid and 1 pg FFA4-HA plasmid or pcDNA control and dispensed into
individual wells of a 96-well ULA plate for incubation at 37°C and 5% CO;
overnight. On the day of assay, 4 spheroids were pooled into eppendorf tubes
and washed twice in HBSS-H. 80 uL HBSS-H containing the spheroids was
transferred to a white 96-well plate and incubated for 30 minutes at 37°C. Raw
luminescence measurements were made using the CLARIOstar before and after
addition of NanoGlo® substrate and plate was incubated for 10 mins at 37°C. The

BRET ratio was measured on the PHERAstar (endpoint mode) with 15 s
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measurement read time. 10 pM TUG-891 or vehicle control was added to each
well at 15 s intervals to ensure a consistent 5 minute incubation time across the
plate and BRET ratio was again measured. BRET ratio fold change was calculated

by dividing the BRET ratio after compound addition by the baseline signal.
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2.7 Nanoindentation

Nanoindentation experiments were carried out with the support of Dr. Giuseppe
Ciccone at the University of Glasgow. Differentiated or undifferentiated SGBS
spheroids at day 14 were transferred to 35 mm petri dishes coated with

3.5 pg/cm? Cell-Tak coating solution and covered with PBS. Nanoindentation was
carried out using the Chiaro nanoindenter (Optics11 Life) as previously described
(Ciccone et al., 2022) using a cantilever with 0.03 N/m stiffness and spherical
tip of radius 8 pm. A 5 x 5 matrix scan was completed twice per spheroid, with 4
spheroids scanned per condition across two experimental days. Data was
analysed using an open-source Python software (Ciccone et al., 2022) to

determine Young’s modulus.
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2.8 Data Analysis

Data analysis was completed in GraphPad Prism 10 (version 10.4.1) as indicated
in the relevant assay protocols. Data are presented as mean + standard error of

the mean (SEM) of replicates indicated in figure legends.

Statistical comparisons were made using unpaired t-tests to compare two
samples, 1-way Analysis of Variance (ANOVA) to compare 3 or more samples or 2-
way ANOVA to compare grouped data. Appropriate post hoc analyses were used
with ANOVAs to compare individual conditions and are indicated in figure
legends. Throughout, a P value less than 0.05 was considered statistically
significant and is represented as follows: *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.

Where concentration response curves were generated, response was typically
calculated as the area under curve (AUC) of kinetic traces and plotted against
the log concentration of the ligand. Vehicle controls are plotted one log unit
lower than the lowest concentration used. Curves were fitted using a three-
parameter log(agonist) vs. response model, ECso values calculated as the
concentration where a half-maximal response is obtained, and the negative

logarithm taken to obtain pECso values for each ligand.

Biosensor illustrations were created using biorender.com.



3 The design and optimisation of NanoBiT
biosensors to investigate FFA4 signalling
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3.1 Introduction

G Protein-Coupled Receptors (GPCRs) are the largest family of transmembrane
receptors in the mammalian genome, and act to transduce extracellular signals
into diverse biological effects through a variety of intracellular signalling
pathways (Odoemelam et al., 2020; Yang et al., 2021). Recently, a sub-family of
GPCRs has emerged which respond to intermediates of energy metabolism,
typically produced by the gut microbiota or released by metabolic tissues
(Husted et al., 2017). These metabolites can therefore act as signalling
molecules, and metabolite-sensing GPCRs (m-GPCRs) have been reported to play
an important role in the communication between adipose tissue and invading
immune cells in metabolic disorders (Duncan et al., 2023). FFA4, formerly
GPR120, is a m-GPCR activated by long chain unsaturated fatty acids. It is
expressed on both macrophages and adipocytes with reported anti-inflammatory
and insulin-sensitising effects (Oh et al., 2010, 2014; Husted et al., 2020), and
several autocrine and paracrine signalling loops have been proposed (Duncan et
al., 2023). As GPCRs are historically successful drug targets (Hauser et al., 2017;
Lorente et al., 2025), there has been significant interest in developing agonists
for FFA4 as treatments for T2D and MASH, however no candidates have yet

reached clinical trials (Carullo et al., 2021).

Measuring the real-time activity of GPCRs in living cells is essential to
characterise their signalling, function, and pharmacology. In the past two
decades, genetically encoded biosensors have become widely used to measure
different aspects of the GPCR signalling cascade such as ligand binding, G
protein coupling or arrestin recruitment (Hudson, 2017; Olsen and English,
2023). Many of these technologies were developed using Bioluminescence
Resonance Energy Transfer (BRET) approaches to measure protein-protein
interactions (Xu et al., 1999; Boute et al., 2002; Pfleger and Eidne, 2006).
Briefly, BRET occurs when a bioluminescent protein ‘donor’ comes into close
proximity (10-100 A) with a fluorescent protein ‘acceptor’, resulting in a transfer
of energy allowing the fluorescent protein to emit light. Practically, this involves
fusing the proteins of interest to a bioluminescent donor and fluorescent
acceptor and measuring the ratio of their emissions following ligand treatment
to determine protein interactions (Masuho et al., 2015a). BRET techniques have

been used for several years to study many aspects of GPCR signalling including G
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protein and arrestin recruitment as well as downstream signals (Salahpour et al.,
2012), and are well suited to high throughput plate-based assays (Boute et al.,
2002).

One alternative method to BRET for measuring GPCR signalling in living cells is
through fragment complementation assays. In these assays, a bioluminescent
protein is split into two non-functional parts which recombine to form a full-
length functional reporter when brought together (Wehr and Rossner, 2016).
These were not widely used in the GPCR field until the development of the
NanoBiT system by Promega Inc., which comprises two non-functional small
(SmBiT) and large (LgBiT) fragments of the NanoLuciferase (NLuc) luminescent
protein (Dixon et al., 2015). This system has proven to be more popular than
previous alternatives due to the small size and bright emission of the parent
protein, but also due to significant protein engineering efforts to optimise the
affinity, stability and steric hinderance of the final fragments (Dixon et al.,
2015).

Within the wider context of my PhD, | aimed to express genetically encoded
biosensors within a 3D adipocyte spheroid model to measure the signalling of
m-GPCRs. | hypothesised that a NanoBiT biosensor design would be ideal for this
purpose as this would allow real-time measurement of receptor activity with
only a single wavelength of light, compared to the ratiometric BRET
measurement. This typically results in a greater dynamic range which | believed
would allow easier measurement in a 3D system, and would minimise potential
complications arising by light penetration differing between two wavelengths
within the spheroid (Dragulescu-Andrasi et al., 2011). Furthermore, there is
potential to colour-shift the emission wavelength of the NanoBiT fragments
which may improve the light penetration of the biosensor and allow multiplexing

of additional assays (Liu et al., 2021).

In this chapter, | aimed to design, generate, and optimise genetically encoded
NanoBiT biosensors to measure signalling of the FFA4 receptor. These constructs
were based on previously reported biosensor designs and reengineered to a
single-wavelength format. Furthermore, | explored the potential to colour-shift
the NanoBiT biosensors to a yellow or green emission wavelength to allow

multiplexing of assays. Together, these biosensors allow measurement of
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different aspects of FFA4 signalling, and offer an extensive toolkit to investigate
FFA4 activity and its therapeutic potential in a more physiologically relevant cell

model system.
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3.2 Single molecule SPASM-style NanoBiT (SpNB)
biosensors measure interactions between FFA4 and
Ga peptides

The first biosensor considered was based on the Systematic Protein Affinity
Strength Modulation (SPASM) design, where a GPCR is modified with a C-terminal
extension comprising both parts of a biosensor separated by a flexible linker,
with either a full length or 27 amino acid fragment of the C terminal of a Ga
protein at the C terminus (Sivaramakrishnan and Spudich, 2011; Malik et al.,
2013, 2017). When the receptor is activated, the Ga peptide binds the active
conformation of the receptor allowing a signal to be measured. These biosensors
were originally developed using Forster resonance energy transfer (FRET) tags
but have since been developed in the BRET format (Mackenzie et al., 2019;
Maziarz et al., 2020). In order to adapt this sensor design for a NanoBiT (SpNB)
assay (Figure 3.1), the SmBiT and LgBiT components of the NanoBiT system have
been separated by an ER/K flexible linker and tethered to the FFA4 receptor,
with the final 27 amino acids of selected Ga proteins at the C-terminus. Initially
the Ga15, Gai3 and Gaz peptides were selected for testing in SpNB biosensors,
as these resulted in the greatest signal window in previous data from our
laboratory when tested at FFA4 in a BRET-based format (Hudson, unpublished).
Both ‘a’ and ‘b’ orientations were made and tested, where the orientation of
the SmBiIT and LgBiT is inverted. Flp-In 293 T-REx cell lines were generated

which express each biosensor under an inducible promoter.
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SmBIT
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Figure 3.1 - SpNB biosensors design. Schematic of unimolecular NanoBiT FFA4 biosensors
(SpNB). Ga peptides are comprised of the final 27 amino acids of the indicated G protein. When
the receptor is activated, the Gax peptide docks into the active conformation of the GPCR, allowing
complementation of the split luciferase and increased luminescent signal. Both ‘a’ (left) and ‘b’
(right) orientations were designed, where the orientation of the LgBiT and SmBIT are inverted.
Initially, a titration experiment was carried out using the SpNBa-G15 biosensor
to identify the optimal concentration of doxycycline to induce expression of the
biosensor (Figure 3.2). During the assay, the receptor was activated by 10 pM
FFA4 agonist, TUG-891, and luminescent signal measured at 0.5 s intervals.
Increasing the concentration of doxycycline resulted in a significant increase in
the baseline luminescence signal of the biosensor (Figure 3.2A), confirming that
the expression levels of the biosensor increases with increasing concentrations of
doxycycline. Similarly, increasing doxycycline concentration also increased the
net raw luminescent response following TUG-891 treatment (Figure 3.2B).
However, when this response is expressed as a ‘net fold’ change above the
baseline signal, there is little difference in the kinetic traces between the
doxycycline concentrations (Figure 3.2C), and no significant differences in
either peak fold response or area under curve (AUC) quantification (Figure
3.2D). If anything, the TUG-891 response with 0 ng/mL doxycycline, where
expression is not induced and therefore driven by ‘leaky’ promoter activity
(Pham et al., 2008; Senkel et al., 2009), is more sustained than the higher
concentrations. Perhaps suggesting that very low biosensor expression level may

be preferred for this assay. As the 0 ng/mL condition results in very low raw
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luminescence values, a doxycycline concentration of 0.5 ng/mL was selected for

further
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Figure 3.2 — FFA4-SpNB biosensors are effective across a wide expression level range. A)
Baseline luminescence measurements at increasing doxycycline concentrations. Data were
normalised to maximum doxycycline concentration and presented as mean + SEM from N=3
independent experiments with n=6 technical replicates. B) Kinetic measurements from doxycycline
titration experiment. Flp-In cells expressing FFA4-SpNBa-G15 biosensor were induced with the
indicated concentration of doxycycline and luminescence measured before and after receptor
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activation with 10 yM TUG-891 after 10 seconds (indicated by the dotted line), and vehicle
response subtracted. Data presented as mean + SEM from N=3 independent experiments with n=3
technical replicates. C) Data in B expressed as ‘net fold luminescence’; raw luminescence values
were divided by baseline signal (average of 5 measurements before TUG-891 addition) and vehicle
response subtracted. D) Quantification of SpNB kinetic curves (shown in C). Peak response and
area under curve (AUC) were calculated from net fold luminescence traces for each doxycycline
concentration. Individual measurements plotted with mean + SEM indicated from N=3 independent
experiments with n=3 technical replicates. Statistical comparisons in A and C were made using
one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ****p < 0.0001
where colour indicates the relevant comparison. All other comparisons were not significant.

Next, the Ga15, Gai3 and Gaz SpNB biosensors were tested in both the ‘a’ and
‘b’ orientations for their response to 10 yM TUG-891 (Figure 3.3A-B). The
kinetic responses were then quantified by calculating peak signal, luminescence

signal at 100 s and AUC for each biosensor (Figure 3.3C).

For the SpNBa orientation, TUG-891 activation resulted in a significant increase
in peak response and AUC over vehicle for all three Ga peptides tested

(p < 0.0001), with an increase in signal of 30.0%, 29.7% and 34.3% for the G15,
Gi3 and Gz sensors respectively. No significant difference was observed among
the different Ga peptides. However, differences in the kinetics among the three
sensors were observed, as shown from the comparisons made using net fold
change at the 100 s time point. Notably, the Gi3 biosensor response to TUG-891
appears to decrease following an initial peak, compared to the relative stability
of the G15 and Gz responses. This is supported by the observation that the Gi3
measurement at 100 s is significantly lower than the G15 (p < 0.05) and Gz

(p < 0.001) measurements.

Conversely, with the SpNBb biosensors, significant differences between the
three Ga peptides were measured in the peak and AUC responses to TUG-891.
Both the G15 and Gz biosensors produced a significant response over vehicle
with an increase in signal of 22.3% and 33.0% respectively, whereas no
significant peak or AUC TUG-891 response was measured for the Gi3 biosensor.
Critically, the kinetic responses were more transient for the SpNBb biosensors
than the SpNBa biosensors, with a significant decrease in net fold change
observed at 100 s using the G15 and Gi3 biosensors. The SpNBa biosensor

orientation was therefore prioritised for further work.

To demonstrate the potential of the SpNBa biosensors to measure compound

potency, a concentration response curve experiment was completed using the
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SpNBa-Gz construct. AUC was calculated from kinetic experiments and plotted

against the log concentration of TUG-891. A curve was fit using a three-

parameter model and a pECsp of 5.63 + 0.15 was determined (Figure 3.3D).
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were created and tested in the (A) a or (B) b orientation with Ga peptides G15, Gi3 or Gz. Raw
luminescence values were divided by baseline signal (average of 5 measurements before
compound addition) and vehicle response subtracted. Data presented as mean + SEM from N=3
independent experiments with n=3 technical replicates. C) Quantification of SpNB kinetic curves
(shown in A-B). Maximum luminescence signal, net luminescence signal at 100 s time point and
AUC were calculated for each Ga peptide. Statistical comparisons made using two-way ANOVA
with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Individual measurements plotted with median indicated from N=3 independent experiments with
n=3 technical replicates. D) Concentration response curve of TUG-891 using SpNBa-Gz biosensor.
Data plotted as mean + SEM from N=3 independent experiments with n=3 technical replicates.

To summarise, SpNB biosensors have been designed, optimised, and used to
measure real time activation of the FFA4 receptor. In particular, the SpNBa
biosensor demonstrated that FFA4 activation results in coupling to G15, Gi3 and
Gz peptides and can measure the concentration-dependent response to
TUG-891. However, the transient nature of the kinetic response coupled with
the low signal window observed of only ~30% increase in light emission, limits
the usefulness of the SpNB biosensors for higher throughput assays. Therefore,

additional biosensor designs must be considered.
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3.3 Mini G and arrestin recruitment assays to the FFA4
receptor demonstrate high signal windows

It was hypothesised that the low signal window observed for the SpNB biosensors
was due to their unimolecular design; as the two NanoBiT components were
tethered by a linker, random interactions would result in a higher background
signal and therefore a lower fold increase in luminescence on agonist binding.
Additionally, the 1:1 effective concentration of GPCR and Ga peptide would
prohibit any amplification of the signal. Although NanoBiT itself does not allow
‘amplification’ (as a signal is only obtained when the LgBiT and SmBiT
complement at a 1:1 ratio), intermolecular assays could perhaps improve the
potency recorded for agonists through the contribution of receptor reserve (Sum
et al., 2019). Therefore, intermolecular recruitment assays to the FFA4 receptor

were investigated.

G protein recruitment assays have historically been challenging to develop due
to the transient nature of their interactions (Olsen and English, 2023). However,
the recently developed ‘Mini G’ (mG) proteins have overcome this kinetic
limitation through a series of deletions which remove membrane anchors, the
GBy-binding surface and a-helical domain, as well as mutations to improve in
vitro protein stability and uncouple GPCR binding from nucleotide release,
leading to a stable interaction (Carpenter and Tate, 2016). These constructs
have been of particular benefit for expression in E. coli and use in biophysical
and structural studies, but due to challenges with expressing the mG proteins in
mammalian cells, a full suite of mG sensors for all G protein types is not
available. However, chimeras of the mGs sequence, where residues of the a5
helix and other regions of the Gas protein which make direct contact with the
GPCR have been mutated to those from other Ga subtypes, have allowed the
development of Gi/o, Gq/11 and G12/13 variants (Nehmea et al., 2017; Wan et
al., 2018). | have developed NanoBiT mG receptor recruitment biosensors where
the FFA4 receptor is tagged with the LgBiT on its C terminus (FFA4-LgBiT), and
the mGqg and mGi proteins are tagged with SmBiT on their N termini (SmBiT-mG)
(Figure 3.4A). When the receptor is activated, the mG protein is recruited,
NanoBiT complementation occurs and an increase in luminescent emission is

measured.
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Arrestin recruitment assays were one of the first to be developed using BRET-
based biosensors (Angers et al., 2000; Bertrand et al., 2002), and are commonly
used as the basis of high-throughput GPCR drug screening assays (Zhang and Xie,
2012). Unlike G proteins, where each GPCRs typically couples to one or more of
the 16 Ga proteins available, there are only two ubiquitously expressed arrestin
isoforms (B-arrestin-1 and -2) which were traditionally seen as a universal ‘off
switch’ for GPCR signalling, although have now been shown to act as signal
transducers in their own right (Jean-Charles et al., 2017). FFA4 is a GPCR which
robustly recruits B-arrestins (Milligan et al., 2017a), and it is thought that this B-
arrestin-mediated signalling results in the reported anti-inflammatory effects of
FFA4 in macrophages (Oh et al., 2010). Therefore, | have developed NanoBiT
arrestin recruitment (NBA) biosensors where the FFA4 receptor is tagged with
the LgBiT on its C terminus (FFA4-LgBiT), and B-arrestin-2 is tagged with SmBiT
on its N terminus (SmBiT-Arr) (Figure 3.4B). When the receptor is activated and
phosphorylated, the SmBiT-Arr translocates to the receptor and increased

luminescent signal is observed.

A Inactive Active B Inactive Active
( o )
mini G

protein SmBIT

SmBiT%i . — / 2\/

LgBIT

LgBiT ! g

Arrestin

Figure 3.4 - Receptor recruitment biosensor design. Schematics of NanoBiT (A) miniG or (B)
arrestin recruitment biosensors. In both cases, the receptor is tagged with LgBiT on its C-terminus
and the recruited proteins tagged with SmBiIT on their N-termini. When the receptor is activated,
the effector protein is recruited, NanoBiT complementation occurs and a luminescent signal is
measured.

First, FFA4-LgBiT and SmBiT-mG constructs were transfected into HEK293-T cells
and response to 10 uM TUG-891 was observed (Figure 3.5A-B). No response was
observed following TUG-891 treatment when using the mGq biosensor (Figure
3.5A), whereas a clear increase in signal is measured when the mGi biosensor is
used (Figure 3.5B), reaching a peak response of 288% increase in luminescent

signal 5 minutes after compound addition which was sustained for the rest of the
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assay. As a control for the mG biosensors, receptor recruitment biosensors were
also tested for the FFA1 receptor (Figure 3.5C-D), which is known to couple
strongly to Gq (Briscoe et al., 2003; Shapiro et al., 2005). On stimulation with an
FFA1 full agonist, T-3601386 (T360) (Ueno et al., 2019), a clear Gq response was
observed with a maximum increase in luminescence of 118% (Figure 3.5C), thus
demonstrating the mGq biosensor is functional. This compound also resulted in a
large response to the mGi biosensor (Figure 3.5D), which notably was
substantially larger than its mGq response at a maximum 366% increase.
Interestingly, the kinetics of the FFA1 response were much slower than FFA4,
with the signal not appearing to reach a peak over the 30-minute measurement

time.

Next, SmBiT-Arr constructs were co-transfected into HEK293-T cells with FFA4-
LgBiT or FFA1-LgBiT and response to agonists observed (Figure 3.5E-F). After
addition of 10 pM TUG-891, rapid arrestin recruitment is observed to the FFA4
receptor, with 738% increase in signal observed 2 minutes after compound
addition which decreases to ~50% maximal response over the following 25
minutes (Figure 3.5E). Conversely, a limited arrestin recruitment response is
observed to the FFA1 receptor, with a maximum signal increase of 64% sustained
throughout the experiment (Figure 3.5F). The FFA4 NBA biosensor therefore
represents the highest peak signal observed thus far (p < 0.0001, one-way ANOVA
with Tukey’s multiple comparisons).

Both the receptor mGi and NBA recruitment assays can be used to generate
concentration response curves of key FFA4 reference agonists (Figure 3.5G-H).
a-linolenic acid (aLA) is a long-chain polyunsaturated omega-3 fatty acid with an
18-carbon chain and represents one of the endogenous ligands of FFA4 (Hirasawa
et al., 2005). TUG-891 was the first potent synthetic agonist reported for FFA4
with high selectivity over FFA1 and has been used extensively to characterise the
pharmacology of the receptor (Shimpukade et al., 2012; Hudson et al., 2013).
GSK137647A was developed by GlaxoSmithKline from a series of
diarylsulfonamides but did not have appropriate physiochemical properties for
use in vivo (Sparks et al., 2014). TUG-1197 was a derivative from patent
literature with greater selectivity over FFA1 and suitability for in vivo studies
(Azevedo et al., 2016). Kinetic experiments were carried out as before by co-
transfecting HEK293-T cells with FFA4-LgBiT and SmBiT-mGi (Figure 3.5G) or
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SmBiT-Arr (Figure 3.5H) and measuring luminescent response following
treatment with increasing concentrations of each agonist. AUC was calculated,
data were expressed as a percentage of maximal TUG-891 response and three-
parameter curves fit. The potency of compounds tends to be slightly higher in
the NBA assay than the mGi assay, however this is only significant for a-LA

(p < 0.01, two-way ANOVA with Tukey’s multiple comparisons). The compounds
tested share the same potency rank order, with TUG-891 and TUG-1197 having
the highest potency followed by GSK137647A and a-LA, and this rank order is

consistent with previously reported pECso values (Table 3.1).
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Figure 3.5 — NanoBiT biosensors measure miniG and B-arrestin-2 recruitment to FFA4 and
FFA1 receptors. A-D) Kinetic measurements of luminescent signal recorded when (A,C) SmBIT-
mGq or (B,D) SmBiT-mGi are co-transfected with (A-B) FFA4-LgBiT or (C-D) FFA1-LgBiT and
agonist added after 2 minutes (indicated by the dotted line). FFA4 was activated by 10 uM
TUG-891 and FFA1 was activated by 10 yM T360. E-F) Kinetic measurements of luminescent
signal recorded when SmBIiT-B-arrestin-2 biosensors are co-transfected with (E) FFA4-LgBiT or (F)
FFA1-LgBIT and agonist added as in (A-D). Raw luminescence values were divided by baseline
signal (average of 5 measurements before compound addition) and vehicle response subtracted.
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Data presented as mean + SEM from N=3 independent experiments with n=4 technical replicates.
G-H) AUC of kinetic traces were calculated and plotted to generate concentration response curves
of selected compounds using FFA4-LgBiT and (G) SmBiT-mGi or (H) SmBiT-B-arrestin-2 biosensor
combinations. Data plotted as mean + SEM from N=3 independent experiments with n=3 technical
replicates.

Table 3.1 - pEC50 values determined from receptor NanoBiT assays with previously
reported values. pEC50 values presented as mean + SEM from 3 independent experiments.

Compound mGi Arrestin Literature Reference
P Receptor Receptor [Assay Type]
a-linolenic 4.29 (Hudson et al
. 3.56 +0.27 [4.36 +0.11 [BRET arrestin v
acid . 2013)
recruitment]
7.19 (Hudson et al
TUG-891 6.38+0.04 |6.75+0.18 [BRET arrestin 2013) "
recruitment]
6.91 (Azevedo et
TUG-1197 6.41 +0.19 |6.73 +0.04 [BRET arrestin al., 2016)
recruitment] v
6.3 (Sparks et al.,
GSK137647A 5.84 +0.18 |6.03 +0.06 [Ca?* mobilisation] 2014)

The mG and NBA receptor recruitment assays show clear advantages in signal
window and kinetic profile compared to the SpNB assay, with peak responses
occurring 2-5 minutes after compound addition and luminescent signal sustained
for up to 30 minutes, compared to the SpNB sensors which have a transient
response which peaks 25 seconds after compound addition. The mG and NBA
assays are therefore suitable for higher throughput compound screening as an
entire plate can be read within each kinetic cycle rather than being limited to
individual wells. However, as with the SpNB sensors, a major disadvantage is the
need to express modified forms of the receptor of interest, thus prohibiting
measurement of signalling from endogenously expressed receptors. Therefore, a
different biosensor design may be more appropriate for exploring FFA4 signalling
in physiologically relevant cell types.
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3.4 Bystander recruitment assays allow measurement of
mG and arrestin recruitment to unmodified receptors

The bystander assay format has been proposed as an alternative to direct
receptor recruitment assays to allow measurement of signalling to unmodified
GPCRs (Donthamsetti et al., 2015). In this assay format, one component of the
biosensor is tethered to the plasma membrane using a lipid anchor, rather than
being attached directly to the GPCR. As a result, the assay specifically measures
recruitment to the plasma membrane, instead of to a specific receptor. Versions
of BRET arrestin and mG recruitment bystander assays have been widely used in
the literature (Donthamsetti et al., 2015; Wright et al., 2021; Daly et al., 2023),
including use of different subcellular localisation tags to measure receptor
trafficking and activation within different internal compartments (Lan et al.,
2012; O’Brien et al., 2025). NanoBiT bystander recruitment assays have also
been developed previously, although the specific lipid anchor and NLuc split site
can vary (Spillmann et al., 2020; Pedersen et al., 2021; Zheng et al., 2023).

Bystander versions of both the mG and NBA recruitment assays have been
designed here, where the LgBiT biosensor component is attached to an 11-amino
acid N-terminal fragment of the kinase Lyn (Lyn11), which undergoes
myristylation and palmitoylation to anchor the LgBiT to the cytosolic leaflet of
the cell membrane (Inoue et al., 2005) (Figure 3.6). Following activation, the
mG or arrestin protein is recruited to the receptor, and complementation occurs

between the SmBiT on the recruited protein and the LgBiT anchored to the

membrane.
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Figure 3.6 - Bystander recruitment assay design. Schematics of bystander NanoBiT (A) miniG
or (B) arrestin recruitment biosensors. In these biosensors, the LgBiT is anchored to the plasma
membrane using a Lyn11 motif, which undergoes lipid modification to associate with the cell
membrane. When the receptor is activated, the effector protein is recruited to the receptor, bringing
the SmBIT and LgBiT in close enough proximity to allow NanoBiT complementation to occur.
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When transfected into HEK293-T cells with FFA4 receptor and activated with
10 uM TUG-891, a measurable signal is observed for both mGi and arrestin
biosensor combinations (Figure 3.7A-B). The mGi and NBA luminescent signals
increased by 362% and 445% respectively, with a peak approximately 4 minutes
after compound addition and decreasing to ~60% of the maximum after 25
minutes. Crucially, when the FFA4 receptor is not transfected and instead
replaced with an equal amount of pcDNA empty vector (- FFA4), no response is
observed. As with the receptor versions, concentration response curves can be
generated for key FFA4 reference ligands by calculating the AUC of kinetic
traces, plotting against the log concentration of compound and fitting a three-

parameter curve to derive pECso values (Figure 3.7C-D, Table 3.2).
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Figure 3.7 - Bystander NanoBiT biosensors measure miniG and B-arrestin-2 recruitment to
unmodified FFA4 receptor. A-B) Kinetic measurements of luminescent signal recorded when (A)
SmBIiT-mGi or (B) SmBIiT-B-arrestin-2 biosensors are co-transfected with Lyn11-LgBiT and FFA4
receptor (+ FFA4) or an equal amount of pcDNA empty vector (- FFA4) and activated by 10 uyM
TUG-891 after 2 minutes (indicated by the dotted line). Raw luminescence values were divided by
baseline signal (average of 5 measurements before compound addition) and vehicle response
subtracted. Data presented as mean + SEM from N=3 independent experiments with n=4 technical
replicates. D-E) AUC of kinetic traces were calculated and plotted to generate concentration
response curves of selected compounds when cells are transfected with FFA4 receptor, Lyn11-
LgBiT & (C) SmBiT-mGi or (D) SmBiT-B-arrestin-2 biosensor combinations. Data plotted as mean +
SEM from N=3 independent experiments with n=3 technical replicates.
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Table 3.2 - pECso values determined from bystander NanoBiT assays. pEC50 values
presented as mean + SEM from 3 independent experiments.

Compound mGi Bystander Arrestin Bystander
a-linolenic acid 4.71 £ 0.10 4.22 + 0.10
TUG-891 6.61 +0.20 6.16 + 0.24
TUG-1197 6.84 + 0.03 5.73 +0.28
GSK137647A 6.04 + 0.14 5.67 +0.13

It has therefore been shown that bystander NanoBiT biosensors can measure
real-time activation of unmodified FFA4 receptor through mGi and arrestin
recruitment and can be used to measure the potency of test compounds. The
NBA bystander biosensor had a slightly higher (although non-significant) peak
response than the mGi biosensor (p = 0.15, unpaired t test), so this was selected

for further investigation.

3.4.1 Optimisation of the NanoBIiT bystander arrestin recruitment
assay

Following the initial success of the NBA bystander assay, a series of optimisation
experiments were carried out to maximise the signal window of the assay
(Figure 3.8). Firstly, the transfection reagents polyethyleneimine (PEIl) or
Lipofectamine 3000 (L3000) were compared (Figure 3.8A-B). Equal amounts of
FFA4 receptor, Lyn11-LgBiT and SmBiT-Arr were co-transfected at 33 ng each
plasmid per well of a 96-well plate. Although the basal luminescence was
significantly higher for L3000 than PEI, indicating higher expression of the
constructs was achieved (p < 0.01, Welch’s t test) (Figure 3.8A), no difference
was observed in the net fold luminescence increase on addition of 10 uM
TUG-891 (Figure 3.8B). Due to the cheaper cost of PEl compared to L3000,
transfection of HEK293-T cells using PEIl was selected for future experiments.

Next, the amount of biosensor DNA transfected was optimised (Figure 3.8C-D).
Equal amounts of Lyn11-LgBiT and SmBiT-Arr were co-transfected from 1-30 ng
DNA of each plasmid/well, with 30 ng/well FFA4 receptor and total DNA made
up to 100 ng/well with empty vector. As observed with the SpNB biosensors, |
hypothesised that lower biosensor expression may result in an increased signal
window due to the lower background signal. The basal luminescence measured

decreased as the amount of biosensor decreased, confirming that expression
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levels of the biosensor were successfully altered (Figure 3.8C). The increase in
signal between the 7.5 ng conditions is due to using different gain settings used
on the plate reader between the two plates used, indicated by the split in the
graph, where gain was set at 5% to the highest expressing condition. It was found
that net fold luminescence increase was broadly unaffected by biosensor
expression level, although very high (30 ng/well) or low (1 ng/well) DNA
concentrations did reduce the window (Figure 3.8D). 5 ng/well biosensor DNA

was selected for further work.

Finally, the ratio of the two biosensor components was adjusted (Figure 3.8E-
F). In BRET-based biosensors, typically assays require higher expression of the
‘acceptor’ fluorophore than the ‘donor’ luciferase. As the ‘donor’ is the source
of background signal, expression should be minimised to increase the
signal:background window. In the NanoBiT assay, the LgBiT is the source of much
of the background luminescence, compared to the 11 amino acid SmBiT
fragment, therefore | hypothesised that increasing the ratio of SmBiT:LgBiT may
increase the signal window. In this experiment, 5 ng/well Lyn11-LgBiT was co-
transfected with 5-45 ng/well SmBiT-Arr, thus increasing the SmBiT:LgBiT ratio.
As before, 30 ng/well FFA4 receptor was transfected for each condition and
total DNA made up to 100 ng/well with empty vector. Increasing the amount of
SmBiT-Arr had no significant effect on baseline luminescence (p = 0.39, one-way
ANOVA). Generally, the assay trend suggested that as SmBiT-Arr increased, the
signal window decreased, with the 1:1 ratio performing best. Therefore, the
final assay protocol involved transfection of 5 ng/well of each biosensor
component, 30 ng/well FFA4 receptor and 60 ng/well empty vector into
HEK293-T cells using PEI.
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Figure 3.8 — Adjusting transfection conditions alters baseline signal and NBA assay
response. A-B) Equal amounts of FFA4 receptor, Lyn11-LgBiT and SmBiT-Arr were co-
transfected into HEK293-T cells. C-D) Lyn11-LgBiT and SmBIiT-Arr were transfected in equal ratio
to HEK293-T cells at the indicated DNA concentrations per well. 30 ng FFA4 DNA was transfected
for all conditions, and DNA prepared to 100 ng total per well with empty vector. E-F) Increasing
ratios of Lyn11-LgBiT:SmBiT-Arr were transfected into HEK293-T cells. Per well, 30 ng FFA4 DNA
and 5 ng Lyn11-LgBiT were transfected, with increasing concentration of SmBiT-Arr (from 5 to

45 ng/well) at the indicated ratios, and DNA prepared to 100 ng total with empty vector. For each
optimisation experiment, baseline luminescence measurements (A,C,E) and kinetic assay
measurements (B,D,F) when NBA biosensors are activated by 10 yM TUG-891 (indicated by the
dotted line) are given. A,C,E) Baseline luminescence measurements are given as raw
luminescence values from the final measurement before compound addition and are presented as
mean + SEM from N=3 independent experiments with n=8 technical replicates. Statistical
comparisons made using unpaired t test (A) or one-way ANOVA with Tukey’s multiple comparisons
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(C). B,D,F) For kinetic measurements, raw luminescence values were divided by baseline signal
(average of 5 measurements before compound addition) and vehicle response subtracted. Data
presented as mean + SEM from N=3 independent experiments with n=4 technical replicates.
Considering the design of other arrestin recruitment bystander assays (Namkung
et al., 2016; Pedersen et al., 2021), and to further optimise the assay, variants
of the biosensor components were generated with reversed orientations (i.e.
SmBiIiT on membrane and LgBiT on arrestin) or where the arrestin was labelled on
its N- and/or C-terminus (Figure 3.9A). Appropriate construct pairs were
transfected into HEK293-T cells and luminescence response to 10 uM TUG-891

measured.

Where the LgBiT was localised to the cell membrane with Lyn11, the highest
baseline luminescence was observed for SmBiT-Arr-SmBiT, followed by SmBiT-Arr
then Arr-SmBiT, although these values were only significantly different for the
SmBiT-Arr-SmBiT vs. Arr-SmBiT comparison (Figure 3.9B). A response to
TUG-891 was measured for all B-arrestin-2 constructs, with signal window for
SmBiT-Arr > SmBiT-Arr-SmBiT > Arr-SmBiT (Figure 3.9C). All biosensor pairs
resulted in a significant peak response over baseline with the SmBiT-Arr sensor
showing statistically significant improvement over the Arr-SmBiT (p < 0.0001)
and SmBiT-Arr-SmBiT (p < 0.01) constructs (Figure 3.9D). When the SmBiT is
linked to both termini of the arrestin protein, the peak response is decreased
compared to the N-terminal tag alone, potentially due to the increase in
baseline signal caused by an expected increase in nonspecific interactions
between LgBiT and SmBiT. Conversely, the C-terminal tagged arrestin has a
lower baseline signal but also a reduced peak response, suggesting this

orientation does not recruit as well to activated GPCRs.

In the reverse orientation, where SmBiT was localised to the cell membrane and
arrestin tagged with LgBiT, the basal signal for Arr-LgBiT constructs was very
low, suggesting expression of this construct was poor (Figure 3.9E). The basal
signal of LgBiT-Arr was similar to that observed for SmBiT-Arr, however no
agonist response was observed (Figure 3.9F). As the Lyn11-SmBiT construct is
very small (25 amino acids), it was hypothesised that the SmBiT fragment may
not be properly expressed in the cell membrane or protrude sufficiently into the
cytoplasm to allow complementation. However, even separating the Lyn11 and

SmBIT sequences with a 12 amino acid Glycine-Serine-Glycine (GSG)4 flexible



115

linker (FL) (Sivaramakrishnan and Spudich, 2011) was not sufficient to result in a
response to TUG-891 (Figure 3.9F).
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Figure 3.9 — Positioning of NanoBiT components in NBA biosensors affects the baseline
signal and assay response. A) Schematic of NBA recruitment biosensor combinations. B)
Baseline luminescence measurements from Lyn11-LgBiT biosensor combinations are given as raw
luminescence values from the final measurement before compound addition and are presented as
mean + SEM from N=3 independent experiments with n=8 technical replicates. Statistical
comparisons were made using one-way ANOVA with Tukey’s multiple comparisons test. C) Kinetic
measurements of luminescent signal recorded when Lyn11-LgBiT biosensors are activated by
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10 uM TUG-891 at 2.67 minutes (indicated by the dotted line). Raw luminescence values were
divided by baseline signal (average of 5 measurements before compound addition) and vehicle
response subtracted. Data presented as mean + SEM from N=3 independent experiments with n=4
technical replicates. D) Peak responses after vehicle or TUG-891 treatment were calculated using
each SmBIT arrestin construct with Lyn11-LgBiT. Individual measurements plotted with median
indicated from N=3 independent experiments with n=4 technical replicates. Statistical comparisons
were made using two-way ANOVA with Tukey’s multiple comparisons test. E) Baseline
measurements and F) kinetic measurements of luminescent signal recorded when Lyn11-SmBiT
biosensors are activated by 10 yM TUG-891. Data presented as in B-C. Throughout, *p < 0.05,

**p < 0.01, **p < 0.001, ****p < 0.0001.

In BRET bystander assays, typically the acceptor is used as the membrane-
localised component, with high expression of the fluorophore ‘coating’ the
whole cell membrane, with a lower expression of the luciferase-tagged arrestin
(Namkung et al., 2016). This allows the measurement of arrestin recruitment to
anywhere on the membrane while maintaining a low background signal,
therefore resulting in a high signal:background assay window. In the NanoBiT
assay, where we can loosely consider LgBiT as the donor and SmBiT as acceptor,
it seemed surprising that the equivalent conformations - i.e. with SmBiT on the
membrane and LgBiT on arrestin - were not functional. We therefore wanted to
interrogate this further by generating a series of new membrane-localised SmBiT

constructs (Figure 3.10).

In the split luciferase design, the SmBiT fragment forms the C-terminus of the
complete NLuc sequence. | therefore hypothesised that adding a Lyn11 N-
terminal tag may somewhat prohibit the NanoBiT complementation with a small
peptide construct, and therefore greater functionality may be observed by using
a C-terminal membrane tag. Therefore, constructs were generated using the
polybasic domain and CAAX motif of KRas (Zacharias et al., 2002) to attempt to
anchor SmBiT to the plasma membrane in the reverse orientation. It is also
possible that these constructs are simply not being expressed or correctly
localised to the plasma membrane, but this is not easy to determine with the
very small Anchor-SmBiT peptides. Therefore, the fluorescent protein
mNeonGreen (mNG) was included in the construct to both increase the size of
the protein, thus allowing SmBiT to protrude further into the cytoplasm, but also

allow visualisation of these constructs (Figure 3.10A).

mNG-tagged constructs were transfected into HEK293-T cells and confocal
microscopy confirmed successful expression of the Lyn11-mNG-SmBiT and SmBiT-

mNG-CAAX constructs localised to the plasma membrane of cells (Figure 3.10B).
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As before, constructs were co-transfected with LgBiT-Arr in HEK293-T cells and
luminescence response to 10 pM TUG-891 measured. For Lyn11, some activity
was observed with the biosensor where SmBiT was separated from mNG with a
flexible linker, whereas no response was observed when SmBiT was directly
attached at its N-terminus to mNG, suggesting that the SmBiT needs to both
protrude further into the cytoplasm and maintain some degree of flexibility
(Figure 3.10C).

Similarly for CAAX, only the mNG constructs were functional, suggesting that the
larger protein is required for efficient synthesis and trafficking or to allow
protrusion of SmBiT to the cytoplasm. Unlike the Lyn11 construct, a response
was still observed when SmBIiT was directly attached by its C-terminus to mNG.
However, a greater window was observed when SmBiT and mNG were separated
by a linker, reinforcing that the flexibility of SmBIT is critical to a successful
NanoBiT assay response (Figure 3.10D).

Even though these designs clearly offered some improvement, the assay window
for the SmBiT-mNG-CAAX sensor was still ~10-fold smaller than the Lyn11-
LgBiT/SmBiT-Arr pair. Further optimisation may still be possible, but | decided
to progress with the established Lyn11-LgBiT/SmBiT-Arr assay.
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Figure 3.10 — Adding mNG to membrane-localised SmBIT constructs improves the
performance of the arrestin recruitment assay. A) Schematic of membrane-localised SmBiT
constructs with N-terminal Lyn11 or C-terminal CAAX tag, with or without mNeonGreen (MNG). B)
Representative images of HEK293-T cells transfected with the indicated SmBIT construct and
imaged using a Zeiss Vivatome confocal microscope with 40X objective. mNG fluorescence is
shown in green and nuclei were stained with Hoescht (blue). Scale bar = 20 ym. C-D) Kinetic
measurements of luminescent signal recorded when (C) Lyn11-SmBiT or (D) SmBIiT-CAAX
biosensors are co-transfected with LgBiT-Arr and FFA4 receptor and activated by 10 yM TUG-891
at 2 minutes (indicated by the dotted line). Raw luminescence values were divided by baseline
signal (average of 5 measurements before compound addition) and vehicle response subtracted.
Data presented as mean + SEM from N=3 independent experiments with n=3 technical replicates.
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3.4.2 Bystander NBA assay can measure arrestin recruitment to
unmodified GPCRs at a range of expression levels

One advantage of the bystander assay format is the ability to measure signalling
from unmodified, and potentially, endogenous receptor. As a proof of concept,
the biosensor was used to measure FFA4 activation at different expression levels
by transfecting different amounts of receptor DNA (Figure 3.11). Different
amounts of plasmid expressing haemagglutinin-tagged FFA4 receptor (FFA4-HA)
were co-transfected with NBA biosensor components in HEK293-T cells, and an In
Cell Western (ICW) was used to quantify expression of the FFA4 protein using the
HA tag. Increasing the quantity of FFA4-HA DNA transfected increased the
observed ICW signal, however the relationship is not linear and differences are
only significant at the lowest concentrations of DNA (0-20 ng/well) (Figure
3.11A). This is consistent with NBA assay data; as receptor expression increases,
the signal window also increases (Figure 3.11B), with the biggest differences
again seen between the lower concentrations of DNA (Figure 3.11C). Notably,
FFA4 activation is still measurable in this assay at lower expression levels (1 ng),
suggesting the assay may still be functional in more physiologically relevant cell

lines with low endogenous FFA4 expression.
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Figure 3.11 — NBA assay can measure arrestin recruitment at a range of FFA4 expression
levels. HEK293-T cells were co-transfected with the Lyn11-LgBiT/SmBiT-Arr biosensor pair and
indicated amounts of FFA4-HA plasmid DNA. A) Quantification of In Cell Western (ICW) analysis of
FFA4-HA expression using primary antibody against C-terminal HA tag. Data was corrected for
non-specific background signal by subtracting signal from no primary control and expressed as a
ratio over the signal obtained from a CellTag™ counterstain. Data were then normalised to express
percent signal relative to maximum FFA4 signal (30 ng DNA/well) and are presented as individual
measurements with mean + SEM indicated from N=3 independent experiments with n=3 technical
replicates. B) Kinetic measurements of luminescent signal recorded when NBA assay is performed
with different transfected amounts of FFA4 receptor and activated with 10 yM TUG-891 at 2
minutes (indicated by the dotted line). Raw luminescence values were divided by baseline signal
(average of 5 measurements before compound addition) and vehicle response subtracted. Data
presented as mean + SEM from N=3 independent experiments with n=3 technical replicates. C)
Quantification of peak responses after TUG-891 treatment from (B). Individual measurements
presented with mean + SEM indicated from N=3 independent experiments with n=3 technical
replicates. Statistical comparisons in A and C were made using one-way ANOVA with Tukey’s
multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 where colour indicates
the relevant comparison. All other comparisons were not significant.
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Finally, to demonstrate the flexibility and universality of the bystander NBA
recruitment biosensors, FFA4 was replaced with a range of different GPCRs and
their respective reference agonists in concentration response curve experiments.
Kinetic experiments were carried out as before, AUC calculated and plotted
against log agonist concentration (Figure 3.12). FFA2 (GPR43) and FFA3 (GPR41)
are short chain free fatty acid receptors, responding to ligands released by the
gut microbiota such as propionate (C3) (Brown et al., 2003). HCA; is a receptor
for the metabolite beta-hydroxybutyrate and, like FFA4, has been suggested to
be a key player in the communication between adipocytes and macrophages in
metabolic disorders (Duncan et al., 2023). HCA; is also a high affinity receptor
for niacin, a nutrient with well-known antilipolytic effects mediated through this
GPCR (Tunaru et al., 2003). GPR84 and GPR35 are both classed as ‘orphan’
GPCRs, meaning no endogenous ligand is known, however several potent
synthetic agonists for both are available. In this assay, 2-(hexylthiol)pyrimidine-
4,6 diol (2-HTP), was used as an agonist for GPR84 and lodoxamide for GPR35 as
both have previously been used in B-arrestin-2 recruitment assays (MacKenzie et
al., 2014; Mancini et al., 2019).

By comparing the maximum AUC obtained in the NBA assay for each receptor,
the relative abilities of each receptor to recruit arrestin can be determined. In
this assay, FFA4 and GPR35 showed the highest responses (Figure 3.12A-B),
GPR84, HCA; and FFA2 showed moderate responses (Figure 3.12C-E), and FFA3
(Figure 3.12F) showed a limited response to arrestin recruitment with their
respective reference agonists. The NBA bystander assay can therefore be used
not only as a universal approach to measure activation across many different
GPCRs, but also in comparative studies determining the relative arrestin-

coupling properties of these receptors.
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Figure 3.12 — Bystander NBA assay can measure arrestin recruitment to different GPCRs.
HEK293-T cells were co-transfected with the Lyn11-LgBiT/SmBiT-Arr biosensor pair and indicated
GPCR or empty vector control. Concentration response curves were generated for reference
ligands by plotting the area under curve of kinetic traces. Data presented as mean + SEM from
N=3 independent experiments with n=3 technical replicates.

In summary, the NBA bystander biosensors generated and optimised here provide
a robust and reliable method of measuring GPCR activity across a range of

receptors and expression levels, and provide a strong foundation for future

biosensor development or mechanistic studies.
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3.5 Colour-shifted NanoBiT biosensors allow
measurement of arrestin recruitment at different
emission wavelengths

In recent years, substantial effort has explored the potential to engineer
bioluminescent proteins with red-shifted emission spectra for use in in vivo
imaging (Liu et al., 2021). Many commonly used luciferase enzymes emit blue
light, however wavelengths < 600 nm are rapidly absorbed by biological tissues
(Zhao et al., 2005). Several colour-shifted NLuc proteins and substrates have
now been reported, with a particular focus on using these in calcium-sensing
biosensors (Suzuki et al., 2016; Shakhmin et al., 2017; Yang and Johnson, 2021).

| hypothesised that blue light absorption may also be a challenge with spheroids,
and therefore developing a red-shifted version of the NBA biosensor may
improve signal penetration from the centre of the 3D cell model. Additionally,
different coloured variants of the NBA biosensor may allow multiplexing of
different cell types, or different responses in the same cell type. For example,
in a co-culture model, if a blue NBA sensor was expressed in adipocytes and a
yellow NBA sensor was expressed in macrophages, their individual responses to
agonist application could be measured. Critically, this approach would allow
measurement of physiological responses, for example by stimulating lipolysis in
adipocytes to observe activation of autocrine and/or paracrine signalling due to
released fatty acids. Similarly, if colour variants of bystander biosensors are
localised to different subcellular compartments, this approach may allow direct

measurement of intracrine signalling (O’Brien et al., 2025).

Initially, the Green-, Yellow- and Cyan-enhanced NanoLantern constructs
reported by Suzuki et al. were generated and luminescence emission spectra
validated (Figure 3.13). The enhanced NanoLantern (eNL) constructs shift the
luminescence emission wavelength by fusing the NLuc protein to a fluorescent
protein, resulting in constant BRET between the pair (Hoshino et al., 2007).
Although the peak emission wavelength is shifted from ~450 nm in NLuc to
~525 nm in the green eNL (GeNL) and ~535 nm in the yellow eNL (YeNL)
construct, there is still a small peak seen in the 450 nm range, and there is

substantial overlap between the two. The spectrum of the cyan eNL (CeNL) is
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similar to NLuc but with a somewhat broader emission and a peak shifted to
~475 nm.

(o]

A

GeNL mNeonGreenAC10 NLucANS

GF

| DT

AM

CeNL mTurquoiseAC10 m

LH 400 500 600
Wavelength (nm)

e NLuc
= GeNL
YeNL
CeNL

-
o
1

Normalised Luminescence
=] =]
o [3,]
i 1

Figure 3.13 — NanoLantern constructs shift the emission spectrum of NLuc. A) Schematic
diagram of Green, Yellow and Cyan NanoLantern (NL) fusion protein constructs (adapted from
Suzuki et al., 2016). B) Luminescent spectral scans of NLuc, GeNL, YeNL and CeNL measured in
triplicate and normalised to minimum and maximum peak.

Using the principles of the eNL constructs, fluorescent proteins were fused to
the LgBiT component of the NBA system to generate Lyn11-YelLgBiT and Lyn11-
CelLgBiT constructs (Figure 3.14). These were tested in the standard NBA kinetic
assay format following addition of 10 uM TUG-891, however as well as raw
luminescence, luminescence measurements were made at 475 nm (blue) and
550 nm (yellow) to investigate the potential for these biosensors to be used in
multiplexed assays. To compare the amount of light emitted at each
wavelength, the raw measurements at 475 nm and 550 nm were expressed as a
fold change of the total luminescence baseline signal and vehicle response

subtracted.

For the unmodified Lyn11-LgBiT biosensor (Figure 3.14A-B), a larger response
was observed in the 475 nm measurement than the 550 nm measurement,
consistent with the blue emission of full length NLuc. Conversely, with the
Lyn11-YelLgBiT biosensor (Figure 3.14C-D), the observed signal was higher in the
yellow than blue range, confirming successful shift of the peak emission
wavelength. As expected, the Lyn11-CelLgBiT biosensor (Figure 3.14E-F)

resulted in a similar profile to unmodified Lyn11-LgBiT.

The kinetic responses were then quantified by calculating peak response and
AUC for each biosensor at both wavelengths (Figure 3.14G). For each biosensor
combination, a significant difference in peak response and AUC was observed

between the 475 nm and 550 nm measurements.
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At the 475 nm wavelength, the Lyn11-YelLgBiT response was significantly
reduced, with a decrease in peak response of 41% and 47% to Lyn11-LgBiT and
Lyn11-CeLgBiT respectively. The differences at the 550 nm wavelength were
more pronounced, with Lyn11-YelLgBiT resulting in an increase in peak response
of 1087% and 481% to Lyn11-LgBiT and Lyn11-CeLgBiT respectively. There was no
significant difference between the Lyn11-LgBiT and Lyn11-CelLgBiT responses at

either wavelength.

Thus, these colour-shifted NBA biosensors demonstrate the potential to measure
NanoBiT response at different emission wavelengths. However, the ‘bleed
through’ response observed in the blue channel of the Lyn11-YeLgBiT biosensor
suggests that further optimisation of this assay format may be required before

multiplexing is possible.
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Figure 3.14 — Incorporating a fluorescent protein into Lyn11-LgBiT shifts the emission
wavelength of the NBA assay. Schematic diagrams (A, C, E) and kinetic measurements of
luminescence signal recorded at 475 nm or 550 nm on activation with 10 yM TUG-891 after 3
minutes (indicated by the dotted line) (B, D, F) for SmBiT-Arr paired with Lyn11-LgBiT (A-B),
Lyn11-YeLgBiT (C-D) or Lyn11-CeLgBiT (E-F). Raw luminescence values at each wavelength
were divided by total luminescence baseline signal (average of 3 measurements before compound
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addition) and vehicle response subtracted. Data presented as mean + SEM from N=3 independent
experiments with n=4 technical replicates. G) Quantification of kinetic responses. Peak response
and AUC were calculated for each wavelength. Statistical comparisons were made using two-way
ANOVA with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001. Individual
measurements plotted with median indicated from N=3 independent experiments with n=4
technical replicates.

It was hypothesised that the wavelength shift may be improved by adding a
fluorescent protein to both the LgBiT and SmBiT components, and thus to both
termini of the full length NLuc protein. To assess this, variations of the SmBiT-
Arr construct were designed and generated which incorporated an mNG adjacent
to the SmBIT, either directly attached or separated by a flexible linker (Figure
3.15A). 5 ng/well of these constructs were co-transfected into HEK293-T cells
with 30 ng/well FFA4 receptor and 5 ng/well of either the Lyn11-LgBiT or Lyn11-
GelgBiT construct and total DNA prepared to 100 ng/well with empty vector.
Biosensors were tested in the standard NBA kinetic assay format following

addition of 10 pM TUG-891 (Figure 3.15).

All plasmid combinations where mNG had been incorporated resulted in a
significant drop in baseline luminescence signal compared to the standard
format (Figure 3.15B). | hypothesised this may be due to a reduction in
expression level, perhaps due to the larger size of these constructs compared to
the non-mNG containing versions and suggest that re-optimisation of the
amounts of DNA to transfect for these constructs may be required to ensure this

is a robust assay.

In the arrestin recruitment assay, when the signal has been baseline corrected,
the constructs incorporating mNG typically result in a higher peak response than
the original assay (Figure 3.15C-D). This may be a result of the lower
background signal but may also be due to the complemented GeNL protein being
brighter than NLuc alone (Suzuki et al., 2016). The exceptions to this trend are
the two combinations that use the SmBiT-mNG-Arr construct lacking a flexible
linker, which have a lower background signal than the constructs including the
linker and result in a lower peak luminescence response. This may suggest that
attaching SmBiT directly to the fluorescent protein may be affecting the
function of this construct.
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To assess the wavelength shift of the green NBA constructs, luminescent spectral
scans were measured following the kinetic assay (Figure 3.15E-F). As
anticipated, the constructs incorporating mNG showed a peak at ~525 nm in
addition to the traditional NLuc peak at ~450 nm, with the amplitude of these
peaks increasing on activation with 10 pM TUG-891. To quantify the shift in
wavelength, AUC was calculated for the activated condition in the blue region
(420-480 nm) and the green region (500-560 nm), and the ratio of green/blue
calculated (Figure 3.15G). Incorporation of mNG anywhere within the biosensor
resulted in a shift towards the green wavelength, with the 530 nm/450 nm ratio
increasing for all constructs relative to the Lyn11-LgBiT / SmBiT-Arr baseline.
For unmodified SmBiT-Arr, incorporating mNG in the LgBiT resulted in a
significant increase in wavelength shift from 0.2 to 4.5. Including mNG into
SmBIT-Arr constructs with a flexible linker resulted in a smaller increase from
0.2 to 1.1 for Lyn11-LgBiT and 4.5 to 5.2 for Lyn11-GeLgBiT. These shifts were
not significant in the one-way ANOVA presented but did become significant when

using unpaired t tests to make direct comparisons between pairs of conditions.

Therefore, it can be concluded that incorporation of mNG to the N-terminal of
the NanoBiT construct has a greater contribution to wavelength shift than
incorporation at the C-terminal. However, addition at the C-terminal does
further contribute to the wavelength shift. The greatest wavelength shift is
observed in the Lyn11-GelLgBiT / SmBiT-FL-mNG-Arr combination, and this would
be progressed for further optimisation work.
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Figure 3.15 — Adding mNG to both SmBIT and LgBiT improves the wavelength shift of the
green NBA biosensor. A) Schematic of green NBA biosensor components. Each possible
LgBiT/SmBIiT combination was transfected into HEK293-T cells for testing. B) Baseline raw
luminescence measurements of biosensor combinations. C) Kinetic measurements of luminescent
signal recorded when green NanoBiT plasmid combinations are transfected into HEK293-T cells
and activated with 10 pM TUG-891 at 2 minutes (indicated by the dotted line). Raw luminescence

values were divided by baseline signal (average of 5 measurements before compound addition)
and vehicle response subtracted. D) Quantification of peak responses after TUG-891 treatment

from (C). E-F) Luminescent spectral scans of (E) Lyn11-LgBiT / SmBIiT-Arr or (F) Lyn11-GeLgBiT /
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SmBIT-Arr combinations following 20-minute incubation with 10 uM TUG-891 or vehicle control. G)
Quantification of green wavelength shift. The area under curve was calculated from the blue (420-
480 nm) and green (500-560 nm) regions of the 10 yM TUG-891 spectral scans (highlighted in (D-
E)). For each technical replicate, the ratio of green/blue AUC was calculated. Throughout, data
presented as mean + SEM from N=3 independent experiments with n=3-4 technical replicates.
Individual measurements are indicated in (D) and (G). Statistical comparisons in B, D and G were
made using one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01,

***n < 0.001, ****p < 0.0001 where colour indicates the relevant comparison. All other comparisons
were not significant.

Overall, the colour-shifted NBA biosensors can measure arrestin recruitment at
different emission wavelengths and represent a promising future direction for

complex genetically encoded biosensors in GPCR research.
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3.6 Discussion

In this chapter, | have designed, generated, and optimised a series of genetically
encoded NanoBiT biosensors to measure signalling of the FFA4 receptor. Each
biosensor design has been reengineered from a previously reported BRET-based
design and allows measurement of different aspects of FFA4 signalling, with

each design highlighting individual advantages and challenges.

Firstly, the SpNB assay was successful in allowing measurement of FFA4
activation in response to its agonist, TUG-891. The signal window observed is
comparable to the equivalent BRET SPASM sensors (Malik et al., 2017), however
this is approximately 100-fold lower (0.3-fold increase) than the possible signal
increase observed in intermolecular NanoBiT constructs (30-fold increase)
(Littmann et al., 2019). The key advantage of this SpNB system is that it a single
molecule, meaning only one component must be transfected into the relevant
cell type. This is important as evidence suggests co-transfection of multiple
plasmids is more challenging than a single plasmid transfection, with use of
multiple plasmids reducing the overall transfection efficiency and the reduced
likelihood of all cells receiving all transfected components in the correct
stoichiometry (Di Blasi et al., 2021; Christoffers et al., 2024; Baliga et al., 2025).

In these experiments, no significant difference was observed between the G15,
Gi3 and Gz sensors. This may be expected as these Ga peptides were selected as
all gave a maximal response in the BRET assay (Hudson, unpublished), and thus
the full suite of Ga peptides should be tested to assess the complete G protein
coupling of FFA4 and identify significant changes in response. A further
advantage of the SpNB biosensors is that it is possible to measure the full suite
of Ga peptides, which is not the case with other biosensor designs including the
miniG (Wan et al., 2018) or BERKY (Maziarz et al., 2020) systems. However, as
the receptor is part of the biosensor, it is not possible to measure the activity of
endogenous FFA4 using physiologically relevant cell types or expression levels,
suggesting that another biosensor design may be better suited for this purpose.
Additionally, the pECso value for TUG-891 generated from the SpNB assay (5.63 +
0.15) was much lower than the reported pECso of 7.19 for TUG-891 (Hudson et
al., 2013). However, due to the single-molecule nature of the biosensor, this

may be more reflective of the affinity of the compound for FFA4 than the
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potency recorded for an arrestin recruitment assay (Hudson et al., 2011;
Herenbrink et al., 2016). Taken together, although the SpNB biosensors have a
role in elucidating the signalling of GPCRs, these biosensors are likely not best
suited for expression in an adipocyte spheroid model to understand endogenous

signalling of the FFA4 receptor.

In the initial assays, the mG and arrestin receptor recruitment assays showed a
higher signal window than the SpNB formats, which is preferable for compound
screening purposes (Zhang and Xie, 2012). Furthermore, the sustained kinetic

profile of the responses leads to less intensive assay protocols and improves the

throughput of the assay.

Additionally, in the concentration response curve experiments, the compounds
tested share the same potency rank order and are within range of previously
reported pECso values for FFA4 (Table 3.1). The reported pECso of TUG-891 in a
BRET receptor arrestin recruitment assay is 7.19 (Hudson et al., 2013), whereas
in these data the pECso was determined to be 6.75 in the receptor arrestin assay.
Similarly, the potencies of TUG-1197 and GSK137647A have been reported as
6.91 and 6.3 respectively, and in this receptor arrestin assay these were
determined as 6.73 and 6.03. This slight reduction in potency may be due to the
reduced amplification possible with a fragment complementation assay
compared to a BRET assay; although both are expected to be a 1:1 interaction,
hypothetically it may be possible for BRET to occur between one GPCR and two
arrestin molecules, whereas this is not possible for NanoBiT when
complementation will only occur in a 1:1 stoichiometric ratio. Interestingly, in
these data TUG-1197 appears to be a partial agonist with respect to TUG-891,
despite previous reports that it is a full agonist in BRET arrestin recruitment
assays (Azevedo et al., 2016). Although evidence has shown that FFA4 can couple
to Gi pathways, no data is available to compare the potency of the synthetic
compounds in mGi or equivalent assays (Inoue et al., 2019; Husted et al., 2020;
Avet et al., 2022).

When comparing the mGq, mGi and arrestin responses to FFA4, the results were
somewhat surprising. Although FFA4 has been classically considered a Gg-
coupled receptor (Hirasawa et al., 2005; Milligan et al., 2017a), no activation

was seen using the mGq biosensor, whereas a large increase in signal is
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measured when the Gi biosensor is used. This Gi response is somewhat supported
by the literature; some functions of FFA4 are known to be dependent on Gi
signalling (Milligan et al., 2017a), and current literature suggests Gi may in fact
be the dominant G protein coupling for FFA4 in HEK293-T cells when measured
using mG proteins (Husted et al., 2020). The increase in luminescence signal
observed using the NBA biosensor was higher than all other biosensors tested,
highlighting the robustness of the FFA4-arrestin coupling (Oh et al., 2010).

The physiological role of FFA1 is largely believed to be a result of Gq signalling
(Briscoe et al., 2003; Hauge et al., 2015), so it was also surprising to note that
although a measurable Gq response was observed, this response was small
compared to the FFA1 mGi response. Gi signalling has been previously observed
for FFA1 through pertussis-toxin sensitive responses in dynamic mass
redistribution and phospho-ERK experiments (Schroder et al., 2010; Qian et al.,
2017), but there is no literature to suggest whether T360 specifically may elicit a
Gi-mediated response in cell-based assays (Ueno et al., 2019). There is therefore
a possibility that the relative magnitudes of the Gi and Gqg response observed in
the NanoBiT mG assay may be an artefact of this artificial system, and caution
must be exercised when interpreting the data. The FFA1 arrestin recruitment
response to T360 is limited, in line with literature reports that this compound is

a partial agonist with regards to arrestin recruitment (Valentini et al., 2025).

Furthermore, the kinetics of the FFA1 mGi and arrestin response were slower
than the TUG-891 FFA4 response, highlighting the power of these techniques to
uncover complex pharmacology. These kinetics may represent differences in the
binding association of the respective ligand-receptor complexes, suggesting the
binding kinetics of T360 for FFA1 may be slower than those of TUG-891 for FFA4,
or alternatively suggest that FFA4 activation is more transient than FFA1 due to
stronger coupling to arrestin, leading to faster receptor internalisation and
desensitisation. However, as with the SpNB sensors, a major disadvantage is the
need to express modified forms of the receptor of interest, thus prohibiting
measurement of endogenous receptor. The bystander biosensor design therefore

may be more appropriate for expressing in physiologically relevant cell types.

In the bystander assay, a large signal window was again observed when cells
were co-transfected with FFA4 and activated with TUG-891. Critically, no
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response was observed when no receptor was transfected. This control is
essential in the bystander format to validate the specificity of the response to
the intended target and show that the response is not caused by the effector
protein recruiting to a different receptor that is endogenously expressed in the
cell system being used (Atwood et al., 2011; Zheng et al., 2023). The pECso
values generated in the bystander concentration response curves were up to 10-
fold lower for some compounds than the previously reported values and in the
receptor recruitment assay, perhaps suggesting that the bystander assay is not
as effective as the receptor assay in measuring every arrestin molecule recruited
to the membrane (Table 3.1, Table 3.2). However, the potency rank order of
the compounds is consistent and still generally within the range expected for a

novel screening assay.

The optimisation of the bystander NBA biosensor highlighted several key
considerations which are applicable across biosensor formats. Throughout, the
NBA biosensor was optimised for the largest fold increase observed following
compound addition. For NanoBiT biosensors, the fold increase is likely
predominantly driven by the amount of background signal measured, which is
probably due to a combination of the small amount of light emitted by LgBiT
alone and random, nonspecific interactions occurring between the LgBiT and
SmBIT (Dixon et al., 2015). Thus, the expression level of the biosensor is critical
to ensure the largest possible signal window. All constructs used here were
expressed under the strong cytomegalovirus (CMV) promoter (Boshart et al.,
1985; Qin et al., 2010), meaning that very low amounts of DNA or doxycycline
were required to minimise the background signal, potentially introducing
additional day-to-day variation. The commercial NanoBiT constructs supplied by
Promega are offered with the herpes simplex virus thymidine kinase (HSV-TK)
promoter, which is a much weaker promoter than CMV in comparative studies
(Ali et al., 2018; Toktay et al., 2022). Selecting a weaker promoter to reduce
biosensor expression levels may therefore be beneficial to both reduce the
nonspecific interactions occurring between the LgBiT and SmBiT fusion proteins
and improve the assay variation caused by transfecting very small amounts of
plasmid DNA per well.

Additionally, the orientation of the different biosensor components can

dramatically impact the performance of the assay. In the receptor arrestin
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recruitment assays, the largest signal window may be expected when LgBiT is on
the receptor and SmBiT on the arrestin, consistent with established GPCR BRET
assays (Angers et al., 2000; Namkung et al., 2016). However, it may also be that
the background signal for NanoBiT assays is driven more by random interactions
between the SmBiT and LgBiT rather than the background light emitted by the
LgBiT alone, perhaps highlighting that direct comparison between BRET and
NanoBiT biosensor designs is challenging. For NanoBiT mG assays, it has been
reported that the reverse orientation (i.e. with SmBiT on the receptor and LgBiT
on the mG protein) results in a larger signal window and is more commonly used
in the literature (Wan et al., 2018).

For bystander assays, typically the membrane-localised component is the BRET
acceptor, allowing measurement of a small number of donor arrestin molecules
recruiting to the membrane. It was therefore surprising that the SmBiT
membrane constructs were not successful. However, this finding replicates a
similar result in the literature, which also reported that the NanoBiT system did
not function when SmBiT was fused to a membrane-targeting sequence
(Pedersen et al., 2021). It is perhaps likely that the lack of response is due to
the SmBIT constructs not being expressed or correctly trafficked to the plasma
membrane, preventing successful complementation with LgBiT. However, due to
the short peptide sequence of the Lyn11-SmBiT and SmBiT-CAAX constructs and
the lack of suitable antibodies to assess their expression, it has not been

possible to test this hypothesis.

It is also important to consider the relative expression levels of each biosensor
component, and this also appears to differ between traditional BRET assays and
the bystander NanoBiT assay. In a bystander BRET assay, typically a higher
expression level of membrane-associated fluorescent protein compared to donor
arrestin would be desired to allow measurement of few arrestin molecules to
anywhere on the ‘coated’ membrane. However, with the Lyn11-LgBiT / SmBiT-
Arr orientation of biosensor, increasing Lyn11-LgBiT also increases background
signal, thus reducing the baseline-corrected assay window. No improvement was
possible from an equal SmBiT:LgBiT ratio in this work. Expression ratio
optimisation for NanoBiT assays is not typically reported in the literature, with
the technical guidance from Promega stating that optimisation of the relative

expression levels is not usually required (Promega Corporation, n.d.). However,
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in the small number of studies which do explore this, results have been mixed,
with contradicting reports suggesting more LgBiT (Heath et al., 2022), more
SmBIT (Akinjiyan et al., 2020) or equal amounts of components (Nadel et al.,
2020) improves the assay performance. That said, all studies agree that
increased luminescence signal does correspond to an increased background
signal, highlighting that reducing the background signal is critical when

optimising for the greatest response window.

The final bystander NanoBiT arrestin recruitment assay proved to be a robust
and useful system, capable of measuring arrestin recruitment even at very low
receptor expression levels and measuring arrestin recruitment to several
different GPCRs. The ability for a single biosensor to measure the activity of a
diverse group of receptors is particularly useful when working in physiologically
relevant cell types with endogenous receptor expression. Furthermore, an assay
system which allows direct comparison of arrestin coupling between GPCRs is
useful for studies assessing the signalling pathways of different receptors,
particularly between related members of sub-families such as the free fatty acid

or muscarinic acetylcholine receptors.

It is widely understood that different GPCRs interact with arrestin to different
extents, driven by distinct binding interfaces of the receptor and arrestin
molecules and influenced by factors including GPCR activation state,
phosphorylation patterns, and interactions with lipids and non-GPCR membrane
proteins (Haider et al., 2023; Underwood et al., 2025). These data support the
previous understanding that some receptors interact more strongly with arrestin
than others, and therefore use of an arrestin recruitment biosensor is better
suited for some receptors than others. To confirm that this observation is not an
artefact of the biosensor itself, these experiments could be repeated using a
bystander BRET or direct receptor NanoBiT system to test whether the rank
order of efficacy is consistent between assay formats. It is however likely that
these results are a genuine measure of how well each receptor interacts with
arrestin. TUG-891 and lodoxamide are known to robustly recruit arrestin to FFA4
and GPR35 respectively (Hudson et al., 2013; MacKenzie et al., 2014). Biased
agonism, where a compound can show signalling preference for either G protein
or arrestin pathways, has recently been investigated with GPR84, where 2-HTP is

able to signal through arrestin, but alternative agonists cannot (Marsango et al.,
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2022). B-arrestin recruitment has also been measured for the HCA; receptor,
with pharmacological assays, arrestin knock down experiments and structural
studies determining that the unwanted ‘flushing’ side-effect of niacin is a result
of signalling through this pathway, and G protein biased agonists can reduce the
vasodilatory response (Benyo et al., 2005; Semple et al., 2008; Walters et al.,
2009; Yadav et al., 2024). Finally, despite their similarities, FFA2 is known to
recruit arrestin, however this has not been reported for FFA3 (Milligan et al.,
2017b).

It is pertinent to mention that the SPASM, Mini G and arrestin recruitment
biosensors generated here represent a fraction of the biosensor designs available
to measure GPCR activity, several of which are available in both BRET and
NanoBiT formats (Demby and Zaccolo, 2024; Pearce et al., 2025). As discussed
throughout this chapter, each biosensor has its own advantages and challenges
and will be best suited for different purposes. In this case, | was interested in
measuring the activation of endogenous FFA4 receptor in complex cell models,
and therefore the NanoBiT arrestin bystander sensor is ideal considering the
large signal response generated. However, if the desired outcome is to explore
differences in FFA4 G protein coupling with different agonists or in different cell
types, a different system such as the TRUPATH G protein dissociation BRET assay
(Olsen et al., 2020) or NanoBiT equivalent (Inoue et al., 2019) may be preferred.
It is critical to choose the correct biosensor for the desired experiment, and
therefore essential to develop a toolkit of biosensors to explore the complex

signalling networks of GPCRs.

A limitation with the bystander NanoBiT assays reported here is the assumption
that GPCRs are located at the plasma membrane of cells. The historical
understanding that GPCRs are exclusively expressed on the plasma membrane of
cells (Pierce et al., 2002) has been challenged, with growing evidence that
GPCRs not only are located at intracellular compartments, but can signal from
these compartments with distinct regulatory signatures (Calebiro et al., 2009,
2024; Ferrandon et al., 2009). In particular, the FFA4 receptor is reported to be
located at the plasma membrane of HEK293-T cells, but predominantly
intracellular in more physiologically relevant adipocyte models (O’Brien et al.,
2025). It remains to be seen whether these plasma membrane localised NBA

biosensors remain functional in adipocytes. However, if not, one benefit of
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bystander biosensors is the potential to easily adapt the sensor by replacing the
Lyn11 tag with alternative sequences to measure signalling at different cellular
compartments (Lan et al., 2012). One common approach is using the Rab GTPase
regulators of membrane trafficking to localise fluorescent proteins to distinct
subcellular compartments, thus allowing visualisation using microscopy and
BRET-based assays of basal and ligand-stimulated receptor distribution
(McCaffrey and Lindsay, 2013; Tiulpakov et al., 2016), although alternative
markers for each compartment are also available (Namkung et al., 2016; Wright
et al., 2021). Together, these approaches have been used to follow trafficking
and intracellular signalling of many GPCRs including FFA4 through early
endosomes (Rab5 or FYVE), late endosomes (Rab7 & Rab9), the trans-Golgi
network (Rab9 & Rabé or Giantin), recycling endosomes (Rab4) and the
endoplasmic reticulum (Rab1 or PTP1B) (Tiulpakov et al., 2016; Wright et al.,
2021; O’Brien et al., 2025).

The exploratory work to develop colour-shifted NanoBiT biosensors highlighted
the potential to multiplex NBA assays across different cell types or subcellular
compartments. NBA biosensors were developed which emit in either blue or
yellow/green wavelength ranges, and activation of these sensors resulted in an
increase in signal predominantly in the ‘correct’ channel. However, further

optimisation is required to validate these biosensors in a multiplex format.

Firstly, it was noted that the coloured biosensor variants resulted in a lower and
more variable baseline luminescence signal than the standard NanoBiT
components, suggesting the robust expression of these constructs requires
further optimisation. This is particularly critical in multiplexed assays to ensure
the baseline luminescence is approximately comparable between channels, thus
allowing an increase in signal from the dimmer biosensor to be visible above the

background from the brighter biosensor.

Additionally, the bleed through in luminescence signal observed, particularly
from the yellow sensor in the blue wavelength, may introduce challenges when
trying to separate the information obtained from the different biosensors within
the same measurement reading. One potential solution to reduce bleed through
may be to adjust the wavelengths used to measure each colour towards the

extremes of their respective spectra (i.e. 420 nm for blue and 620 nm for
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green/yellow). This is likely to be somewhat less effective for the blue
wavelength due to the secondary peak observed with the green biosensors which
follows the emission profile of NLuc, but an increased wavelength for the

green/yellow emission may reduce the bleed through from a blue biosensor.

Conversely, the bleed through may become less of a challenge when both
biosensors are simultaneously expressed in a mixed population of cells. Using the
green biosensor as an example, when expressed alone, the fold change in light
emitted on activation is similar between the blue and green wavelengths as the
blue signal is only due to background of the green sensor. However, when a blue
biosensor is also expressed, the baseline signal in the blue channel will
predominantly be due to the background of the blue sensor which should not
increase when only the green biosensor is activated (and vice versa). To test this
hypothesis, two populations of HEK293-T cells could be transfected
independently with a coloured NBA sensor and a GPCR with comparable ability
to activate arrestin (e.g. FFA4 with green NBA and GPR35 with blue NBA). These
cells are then mixed and total and channel-specific luminescence measured
following addition of TUG-891 or lodoxamide. In this case, | would expect
addition of TUG-891 to result in an increase in the fold change of green emission
with limited increase in the blue channel, and vice versa for lodoxamide. This
also assumes that expression level of the two constructs (and hence the
background signal in each channel) is similar, but would provide essential

validation to the multiplex assay format.

It is relevant to note that, to date, no colour-shifted NanoBiT multiplexed plate-
based assays have been reported in the literature. Several examples of colour-
shifted NLucs have been reported, including some with plate-based Ca?* assays
(Suzuki et al., 2016; Oh et al., 2019; Yang and Johnson, 2021), although these
have typically been optimised for in vivo imaging approaches. In a recent study,
an expanded series of NanoLantern constructs was presented with NanoBiT
variations used to measure arrestin recruitment to three GPCRs simultaneously
(Hattori et al., 2025). However, the observation of arrestin recruitment was only
possible using a microscope equipped with a colour camera and required long
exposure times of 2 minutes per image in HEK293-T cells with transfection of
both receptor and arrestin constructs. Furthermore, the design of these

biosensors fundamentally would not allow measurement of multiple pathways



140

within the same cell, e.g. at different subcellular locations. Thus, a colour-
shifted NanoBiT bystander arrestin recruitment assay suitable for plate-based
assays, using endogenous receptor expression in physiologically relevant cell
models would be a fantastic addition to the field.

The aim of this work was to develop and optimise genetically encoded biosensors
suitable for measuring real-time GPCR activity in an adipocyte spheroid model. |
hypothesised that NanoBiT would be better than BRET for this purpose, however
due to the inherent differences in the technologies, it is ultimately very
challenging to compare them experimentally. Both techniques have advantages
and disadvantages; the ratiometric BRET measurement results in a highly
specific signal with intrinsic correction for cell number and expression levels,
however the requirement for dual-wavelength readings limits the multiplexing
potential of these biosensors within the typical measurement range of most
commercial plate readers. Conversely, the single wavelength NanoBiT reading is
more sensitive to variations in expression levels and cell number, but is
measured with greater dynamic range and more scope for multiplexing assays.
The next steps to express these biosensors in a physiologically relevant
adipocyte 2D cell and 3D spheroid model will be discussed in Chapter 5.
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4 Development and characterisation of a 3D in
vitro adipocyte spheroid model
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4.1 Introduction

Metabolic diseases such as obesity, MASLD and T2D are a global healthcare and
economic challenge, with over 1 billion individuals living with obesity worldwide
(World Obesity Federation, 2025). Obesity is a life limiting condition
characterised by excessive accumulation of adipose tissue, dramatically
increasing a person’s risk of developing serious health conditions including T2D,
CVD and some cancers (Institute for Health Metrics and Evaluation, 2024; World
Health Organisation, 2025).

Adipose is a dynamic organ comprising several different cell types, including
adipocytes, immune cells, endothelial cells, and fibroblasts, as well as extensive
extracellular matrix (Lee et al., 2013b; Ramakrishnan and Boyd, 2018). Adipose
tissue has many important roles in the physiology of energy homeostasis;
however, it is only relatively recently that adipose has been fully recognised as
an endocrine organ and not simply as an energy store (Rosen and Spiegelman,
2014). Crucially, our understanding of adipose tissue dysfunction and its role in
the development of metabolic disease remains limited, and it is therefore
essential to improve our understanding of adipose in pathophysiological contexts

given the increasing prevalence of these conditions.

Common features of dysfunctional adipose tissue include adipocyte hypertrophy,
hypoxia and fibrosis, leading to impaired adipokine signalling, increased
circulating lipids and the development of insulin resistance (IR) (Bluher, 2024).
This in turn can drive development of IR in systemic tissues such as muscle and
liver, leading to elevated blood glucose levels and downstream complications
including neuropathy and blindness (World Health Organisation, 2021). Despite
significant effort, the exact pathophysiology of IR remains unclear, however its
development is strongly associated with low-level chronic inflammation of
metabolic tissues (Olefsky and Glass, 2010). Macrophage infiltration of adipose
tissue is shown to be elevated in obesity in both mouse (Weisberg et al., 2003)
and human (Harman-Boehm et al., 2007), with the subsequent release of pro-
inflammatory cytokines contributing to IR in adipocytes (de Luca and Olefsky,
2008; Olefsky and Glass, 2010; Gasmi et al., 2020). In clinical studies, it is well
known that pro-inflammatory biomarkers in adipose tissue and the wider

circulation are associated with the incidence of IR and T2D (Pradhan et al.,
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2001; Tsalamandris et al., 2019; Wu and Ballantyne, 2020). Metabolite-sensing
GPCRs have been proposed to facilitate communication between adipocytes and
infiltrating macrophages (Husted et al., 2017; Duncan et al., 2023), however it
has been challenging to deconvolute these complex signalling networks and
understand the mechanistic basis of these interactions using our existing models
of adipose tissue.

Much of our knowledge about adipose tissue and metabolic disease has been
obtained from in vivo studies, where a variety of genetic or diet-induced models
of obesity are available to study different aspects of adipose tissue dysfunction,
including development of IR, diabetes and related cardiovascular complications
(Nandi et al., 2004; Wang and Liao, 2012). Although information gained from
rodent studies is critical, the high cost and ethical concerns associated with
these models mean that they are not suitable for higher-throughput drug

screening or mechanistic studies.

In vitro, mature white adipocytes are challenging to study due to their non-
proliferative phenotype and inability to be cryopreserved (Baganha et al., 2022).
Thus, researchers must either rely on a constant supply of fresh adipose tissue
from animal or clinical samples or use preadipocyte cultures which may be
differentiated in vitro to an adipocyte-like phenotype (Dufau et al., 2021;
Baganha et al., 2022). The most common preadipocyte cell line is the murine-
derived 3T3-L1, which has been extensively used to study adipocyte biology
since the 1970s (Green and Meuth, 1974; Dufau et al., 2021). 3T3-L1 cells have
been widely used to study adipogenesis (Ruiz-Ojeda et al., 2016), metabolic
phenotyping (Roberts et al., 2009) and IR, induced through exposure to
conditions such as high insulin concentrations, TNF or hypoxia (Lo et al., 2013).
However, as a murine-derived cell line, 3T3-L1 cells often lack translational
relevance to human systems (Wang et al., 2014), and are reported to have
significant differences in gene expression profiles compared to in vivo
adipocytes (Soukas et al., 2001) as well as sharing phenotypic features of white,

beige and brown adipocyte lineages (Morrison and McGee, 2015).

The Simpson-Golabi-Behmel syndrome (SGBS) cell strain is a human-derived
alternative in vitro adipocyte model (Wabitsch et al., 2001; Fischer-Posovszky et

al., 2008). These preadipocyte cells were isolated from a male infant patient
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with Simpson-Golabi-Behmel syndrome and shown to differentiate in vitro to
adipocytes in a similar manner to primary cells but crucially retain their
differentiation capacity over many generations (Wabitsch et al., 2001). Since
their isolation, SGBS cells have been used to investigate adipogenesis, insulin
sensitivity and adipose tissue inflammation in a human-relevant system (Tews et
al., 2022), with some studies again highlighting discrepancies between human

and murine cell models (Schmidt et al., 2011; Rossi et al., 2020).

Most studies using in vitro differentiated adipocytes have been completed in 2D,
with cells grown in monolayer cultures adhering to glass or plastic tissue culture
vessels. Although these simple 2D cell models of adipocytes are cheap and high-
throughput, they cannot recapitulate the complex cellular microenvironment
needed to fully investigate metabolic disorders. In vivo, cells respond to all
aspects of their surrounding microenvironment through interactions with the
ECM and neighbouring cells in addition to physical factors such as stiffness and
topography of the matrix (Lane et al., 2014; Langhans, 2018). Thus, 3D cell
culture may improve the physiological relevance of in vitro systems, while

avoiding the challenges of working in vivo.

Several adipocyte spheroid models have been reported in the literature (Luca et
al., 2024), with increasingly complex phenotypes designed to mimic specific
features such as inflammation (Turner et al., 2015), fibrosis (Rajangam et al.,
2016), obesity-associated breast cancer (Blyth et al., 2025), and even cultured
meat (Luo et al., 2024). Notably, it has been reported that adipocyte culture in
3D more accurately represents the in vivo morphology and gene expression
signatures than 2D culture (Shen et al., 2021). Several groups have also reported
significant differences in the inflammatory and metabolic responses of
equivalent 2D and 3D culture conditions, suggesting 3D models may be more
physiologically relevant for translational research (Turner et al., 2018; Wolff et
al., 2022; Umetsu et al., 2024). However, there continue to be limitations in the
applicability and accessibility of 3D cell cultures for drug discovery and
pharmacology approaches. Processes such as liquid handling and imaging of 3D
structures typically require specialised equipment, and traditional plate-based
assays measuring the core physiological function of adipocytes, including

lipolysis and glucose uptake, have not yet been translated from 2D to 3D.
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In this chapter, | aimed to develop and characterise a 3D in vitro model of
adipose tissue using SGBS cells. Initially, | explored the properties of the SGBS
cells in 2D, including assessing animal-free growth medium and optimising
differentiation conditions, before using the cells to generate adipocyte
spheroids. The spheroid model was validated using a range of techniques
including microscopy to assess spheroid morphology, gPCR and immunostaining
to confirm the presence of adipogenic gene and protein markers, and functional

assays to measure the biological activity of the spheroids.
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4.2 Optimising SGBS cell growth in animal-free culture
medium

Animals and animal-derived biomaterials have consistently been used in
biomedical research, with Fetal Bovine Serum (FBS) a standard supplement for in
vitro cell culture medium. However, the limitations of FBS are well documented,
with significant issues including batch-to-batch variation, contamination risk,
and animal suffering (Valk and Gstraunthaler, 2017). The recent demand for
xenogenic-free cell culture medium for cell therapy approaches has resulted in
increased investigation of synthetic and human-derived medium for cell culture
(Karnieli et al., 2017). A further advantage of the SGBS cell strain is that the
published differentiation protocol is carried out in the absence of FBS. However,
there is no published literature on SGBS cells that does not use 10% FBS as the

standard cell culture growth supplement.

In order to improve the ethical impact of this project and align with the Animal
Free Research UK guidelines (Animal Free Research UK, 2021), a series of initial
experiments were carried out to explore whether SGBS cells could be grown in
an alternative FBS-free culture medium (Figure 4.1). Cells were gradually
transitioned into the alternative sera in tissue culture flasks then seeded at low
density into tissue culture plates (day 0). After 24h, one plate of cells was fixed,
nuclei stained and cells counted, while another was media changed to the
indicated condition and maintained in culture. After 6 days, cells were fixed,
nuclei stained and cells counted, and cell replication determined as a fold

change of the nuclei count (day 6/day 1).

Firstly, direct replacement of FBS with Human Serum (HS) was unsuccessful, as
only a 1.7-fold increase in cell number was observed over the 6-day period in
2.5% HS, with no increase for cells cultured in increasing serum concentrations
(Figure 4.1A). Batch-to-batch variation is a known issue with HS; however two
batches were tested with similar performance. As a control, cells cultured in FBS
showed a concentration dependent increase in cell growth, culminating in an 8-

fold increase in cell number following 6 days in 10% FBS.

Heat inactivation of serum is a well-established cell culture protocol used to

inactivate complement proteins, thus theoretically reducing complement-
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mediated cell lysis and improving growth (Soltis et al., 1979; Triglia and
Linscott, 1980). However, no improvement in cell number was observed when
culturing SGBS cells in increasing concentration of heat-inactivated HS (Figure
4.1B). In fact, heat-inactivation of FBS appeared to suppress its proliferative
effect on SGBS cells, significantly reducing the fold increase in nuclei from 4.5
to 3.1 after 3 days of growth in 10% FBS (*p = 0.028).

Following a literature search, it was found that growth rate of Adipose Derived
Stromal Cells (ADSCs) was improved by addition of epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF) (Hebert et al., 2009). In SGBS
cells this finding appeared to be somewhat consistent, as growth even greater
than the 10% FBS control was observed with >1 ng/mL EGF supplementation of
5% HS (Figure 4.1C). Addition of bFGF appeared to increase cell number with a
concentration-dependent trend observed in the absence of EGF, although this
was non-significant and was not sustained when EGF was also added. However,
in these experiments it was visually observed that cells detached more easily in
the presence of the growth factors. It is possible that culture on a coating such
as human-derived collagen or fibronectin may improve cell adhesion and reduce

the variability in these results.

Finally, Human Platelet Lysate (hPL) was investigated as an alternative to HS
due to its high growth factor content and reports that ADSCs grow well in hPL
with no need for plate coatings (Palombella et al., 2020). In this experiment, the
SGBS cells grew in 10% hPL at an equivalent rate to 10% FBS, although FBS still
resulted in improved growth at lower serum concentrations (Figure 4.1D).
However, it was noted that the viability of cells when harvesting from the flasks
was much lower for cells grown in 5% hPL (51% average viability) than 10% FBS

(84% average viability), suggesting further optimisation may be required.

Together, these data suggest that it may be possible to find an animal-free
culture medium for SGBS cells. However, this will require significant additional
optimisation, which was not possible within the scope of this project. Thus, SGBS
cells were cultured in the standard medium of DMEM/F-12 supplemented with

10% non-heat-inactivated FBS for all subsequent experiments.
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Figure 4.1 - SGBS cells grow in animal-free culture medium without FBS. Throughout, cell
growth is presented as fold increase in nuclei count after 6 days in culture (3 days for panel B) and
is shown as mean + SEM of the indicated number of experiments. A) SGBS cell growth in medium
containing titrations of fetal bovine serum (FBS) or human serum (HS) from two different batches.
Data from N=4 (FBS, HS (1)) or N=2 (HS (2)) independent experiments with a single well of a 12-
well plate per condition. B) SGBS cell growth in medium containing titrations of heat-inactivated
(HI) or control FBS or HS. Data from N=3 independent experiments with 2 wells of a 24-well plate
per condition. C) SGBS cell growth in 5% human serum with titrations of epidermal (EGF) or basic
fibroblast (bFGF) growth factors. Growth in 10% FBS or non-supplemented 5% HS is included as a
control. Data from N=2-4 independent experiments with a single well of a 24-well plate per
condition. D) SGBS cell growth in titrations of FBS and human platelet lysate (hPL). Data from N=3
independent experiments with 2-3 wells of a 24-well plate per condition. Throughout, statistical
comparisons were made using two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05,
**p < 0.01, ****p < 0.0001 with colours indicating comparison to FBS control.
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4.3 Optimising and validating SGBS adipocyte
differentiation in 2D & 3D cultures

4.3.1 Selecting an SGBS differentiation cocktail

SGBS differentiation protocols were initially developed and optimised by the
Wabitsch group (Wabitsch et al., 2001; Fischer-Posovszky et al., 2008). In the
literature, a further two protocols were identified for SGBS adipocyte
differentiation which use different concentrations of components in the
differentiation and maintenance cocktails (Lee and Fried, 2014; Markussen et
al., 2017). To select the optimal differentiation protocol, cells were plated in 2D
and differentiated according to the conditions described in Table 4.1. Degree of
differentiation was assessed using Oil Red O staining to visualise lipid droplets
and gPCR to assess transcript expression of key adipogenic markers (Figure 4.2).
Cells appeared to differentiate well using both the SOP and L&F protocols, with
the L&F protocol showing a higher number of differentiated cells (Figure 4.2A).
Furthermore, the L&F protocol resulted in a greater increase in expression of
adipogenic markers relative to day 0 when compared to SOP for genes including
the transcription factor peroxisome proliferator-activated receptor gamma
(PPARG; fold change increase of 22.3 and 37.0 for SOP and L&F respectively),
the adipokine adiponectin (fold change increase from 23,266 to 99,146) and the
insulin-regulated glucose transporter GLUT4 (fold change increase from 178.7 to
392.2). Critically, the FFA4 receptor had a much larger increase in expression of
50-fold in the L&F protocol compared to 3-fold for the SOP protocol. Thus, the

L&F protocol was selected for further use.

Table 4.1 — Differentiation and maintenance medium components for SGBS cells

Medium SOP TERT-hWA L&F .
Components (Fischer-Posovszky | (Markussen et al., | (Lee and Fried,
et al., 2008) 2017) 2014)
Differentiation Cocktail (Day 0-4)

Transferrin 10 pg/mL 0 10 pg/mL
Insulin 20 nM 860 nM 100 nM
Cortisol 100 nM 1 UM 0
T3 0.2 nM 1 nM 2 nM
Dexamethasone 25 nM 1 UM 100 nM
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IBMX 250 pM 500 pM 500 pM
Rosiglitazone 2 UM 1 UM 1 UM
FBS 0% 2% 0%
Maintenance Cocktail (Day 4-14)

Transferrin 10 pg/mL 0 10 pg/mL
Insulin 20 nM 0 10 nM
Cortisol 100 nM 0 0
T3 0.2 nM 1 nM 0
Dexamethasone 0 0 10 nM
FBS 0% 2% 0%
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Figure 4.2 — L&F differentiation protocol improves adipogenic differentiation of SGBS cells
compared to SOP. A) Representative images of Oil Red O-stained SGBS cells after differentiation
with the indicated cocktail. Scale bar = 100 um. B) Gene expression analysis of adipogenic
markers in SGBS cells after differentiation with the indicated cocktail, determined by RT-gPCR. Cr
values were analysed using the 2"22°T method to show expression fold change relative to RNA
isolated from day 0 cells, using primers for GAPDH as housekeeping control. Data are presented
as mean + SEM from N=2 independent experiments with n=2 technical replicates.

4.3.2 Determining optimal SGBS spheroid size

SGBS spheroids are generated by harvesting cells from tissue culture flasks and
plating in a 384-well ultra-low adhesion (ULA) plate. These plates are coated
with a hydrophilic surface to encourage the cells to stick to each other rather
than the plate, generating a single spheroid per well. Initially, cells were seeded
into the ULA plates at different densities to generate spheroids of different sizes

(Figure 4.3A). It was anticipated that the number of viable cells would initially
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increase with spheroid size but eventually decrease due to limited nutrient and
oxygen diffusion to the centre of the spheroid leading to a hypoxic core (Curcio
et al., 2007; Schmitz et al., 2021). Therefore, a CellTitre-Glo 3D assay
(Promega) was used to quantify the viability of the spheroids (Figure 4.3B).
Initially, the relationship between cell number and viability is broadly linear,
with viability plateauing at spheroids greater than 20,000 cells. A spheroid size
of 10,000 cells/sphere was selected as this was the largest size before a loss in
viability was observed, thus providing the best balance to obtain the most

material for future studies.
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Figure 4.3 - SGBS spheroid size affects viability. A) Representative phase contrast images of
SGBS spheroids generated when the indicated number of cells were seeded per well in an Ultra
Low Adhesion (ULA) plate and incubated for 24 hours. Scale bar = 100 um. B) CellTitre-Glo
viability measurements of spheroids of indicated size. Data are presented as mean + SEM from
N=3-4 independent experiments, with n=6-8 individual spheroids per experiment.

4.3.3 SGBS cells can differentiate to adipocytes in spheroids

Differentiation of SGBS cells in 2D and 3D using the L&F protocol occurs over a

14-day period, and can be followed using phase contrast microscopy (Figure
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4.4A-B). In 2D, adipocyte differentiation is very obvious by the morphological
‘rounding up’ of cells followed by the accumulation of lipid droplets (Figure
4.4A). In 3D however, adipogenesis is more challenging to visualise. Although
the spheroid enlarges, this is not easily assessed without a direct comparison to
day O (Figure 4.4B). Differentiated adipocytes can occasionally be seen
‘migrating’ out of the spheroid, but it is otherwise challenging to observe

differentiation within the spheroid itself.

It was noted while completing adipocyte experiments that cells of later passage
number did not differentiate as effectively as those of earlier passage. This was
assessed by extracting and quantifying Oil Red O staining of 2D and 3D
differentiated SGBS cells across different passage numbers, where each passage
represents a 1:5 split in tissue culture flasks. In 2D cells, differentiation was not
observed in cells above passage 5 (Figure 4.4C). Throughout this project, it was
observed that cells appeared to differentiate better and more consistently in 3D
than in 2D and maintained differentiation potential to later passages. However,
when trying to quantify this phenomenon using Oil Red O staining with 3D
samples, it was not possible to measure a difference between day 0 and day 14
spheroids, with low absorbance values and high variability (Figure 4.4D).
Therefore, no trend could be observed when comparing spheroid differentiation
across passage numbers. Further development is required to establish a better

method to quantify the degree of differentiation in adipocyte spheroids.

Throughout the rest of this thesis, SGBS spheroids were not used for

differentiation later than passage 6.
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Figure 4.4 - SGBS cells and spheroids differentiate into adipocytes at low passages. A-B)
Phase contrast images of SGBS cells grown and differentiated in 2D (A) or 3D (B) at the indicated
day of differentiation. Scale bar = 100 um. C-D) Quantification of Oil Red O staining of SGBS cells
grown and differentiated in 2D (C) or 3D (D) at increasing passage numbers. Each passage
represents a 1:5 split in T150 cell culture flasks. Data presented as mean + SEM from N=4 wells
per passage number with n=2 technical replicates (C), or N=2-6 pools of 10-12 spheroids from 1-4
differentiation batches with n=2 technical replicates (D).
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4.4 Adipogenesis can be visualised by lipid droplet
accumulation in SGBS spheroids

4.4.1 Confocal imaging of intact spheroids highlights lipid droplet
accumulation during differentiation

To visualise differentiation of SGBS spheroids, a series of imaging techniques
were assessed. First, intact spheroids were fixed at day 0 or day 14, stained with
LipidSpot™ 488 green fluorescent neutral lipid stain and imaged using a Zeiss
LSM980 confocal microscope (Figure 4.5). These images clearly show
accumulation of green fluorescence labelled lipid droplets across the whole
differentiated spheroid (Figure 4.5B) which are absent in the undifferentiated
spheroid (Figure 4.5A). However, due to the size and shape of the spheroids, it
was challenging to obtain clear confocal images at higher magnification.
Furthermore, the light penetration into the spheroid was poor using this laser
scanning confocal microscope, resulting in images of the spheroid surface
exclusively rather than internal structures. Thus, alternative microscopy

approaches were investigated.

A

Figure 4.5 - Confocal imaging of intact SGBS spheroids shows presence of lipid droplets
following differentiation. Representative images of undifferentiated (A) or differentiated (B)
spheroids which were fixed, stained with Hoescht (blue, nuclei) and LipidSpot™ (green, lipid)
fluorescent dyes and imaged using a Zeiss LSM980 confocal microscope with 10X objective. Scale
bar = 50 ym.
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4.4.2 Scanning Electron Microscopy of intact spheroids shows
morphology changes during differentiation

Intact spheroids were also processed for Scanning Electron Microscopy (SEM) by
fixing with 1.5% glutaraldehyde and negative staining in osmium tetroxide before
dehydrating, coating with Au/Pd and imaging. Undifferentiated spheroids had a
relatively smooth surface texture (Figure 4.6A-B) whereas the differentiated
samples showed an uneven surface morphology containing structures which
appear to be accumulated lipid droplets (Figure 4.6C-D). At higher
magnifications, the differentiated cells appeared to contain a mixture of larger
individual spherical lipid droplets as well as clusters of smaller lipid droplets
(Figure 4.6E). Interestingly, some differentiated spheroids appeared to show an
asymmetric phenotype where the adipocytes on one side appeared more
differentiated than the other (Figure 4.6D). However, as with the confocal
images, the information obtained from the SEM images is purely from the
spheroid surface and thus a different approach is needed to investigate the

spheroid core.
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Figure 4.6 - Scanning Electron Microscopy (SEM) images of SGBS spheroids show an
irregular surface on the surface of differentiated samples. Representative images of
undifferentiated (A-B) or differentiated (C-D) spheroids which were processed for SEM and imaged
at x350 magnification. Scale bar = 50 uym. (E) The differentiated spheroid shown in (C) at x2000

magpnification. Scale bar =5 ym.
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4.4.3 Transmission Electron Microscopy allows visualisation of
internal spheroid structures

Unlike the other techniques described so far, Transmission Electron Microscopy
(TEM) requires ultrathin sectioning to examine the ultrastructure of cells within
the spheroid. Using this technique, lipid droplets were again observed in the
differentiated spheroids, appearing as circular structures with a uniform texture
and pale grey colour, indicated by the red asterisks (Figure 4.7A-C), which were
absent in the undifferentiated sections (Figure 4.7D). Again, a mixed population
of lipid droplet sizes was observed, with some very large droplets (~10 um
diameter) visible particularly in the outermost layer of cells around the spheroid

periphery (Figure 4.7).

Figure 4.7 - Transmission Electron Microscopy (TEM) images of sectioned SGBS spheroids
show large lipid droplets in differentiated samples. Differentiated (A-C) and undifferentiated (D)
SGBS spheroids were processed and sectioned for TEM and images of the outermost cells around
the spheroid periphery were taken at x2500 magnification. Lipid droplets are indicated by red *.
Scale bar =2 ym.

TEM also allowed visualisation of different regions of differentiated spheroids
(Figure 4.8). The centre of the spheroids appeared to be fairly disordered with
few visible lipid droplets (Figure 4.8A) with small lipid droplets appearing as the
images move towards the outer surface of the spheroid (Figure 4.8B). The lipid
droplets gradually get bigger (Figure 4.8C) and eventually reach their largest
size on the spheroid periphery (Figure 4.8D). Considering these spheroids are
generated from a single cell type, these differences in cell phenotype based on

location within the spheroid will require further investigation.
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spheroid

Figure 4.8 — TEM imaging at different regions of differentiated SGBS spheroids shows larger
lipid droplets at spheroid periphery. Differentiated SGBS spheroids were processed and
sectioned for TEM. Images were taken at x1500 magnification from regions moving from the centre
(A) to the periphery (D) of the section, with arrows showing the approximate locations of image
collection relative to a full spheroid section. Lipid droplets are indicated by red *. Scale bar = 5 ym.

4.4.4 Histological sectioning of spheroids

In order to better assess the internal structures of SGBS spheroids, a histological
sectioning protocol would be useful to facilitate techniques such as
immunohistochemistry. After significant optimisation, a traditional dehydration
and paraffin-embedded sectioning protocol was developed, and sections were
stained with Haematoxylin & Eosin (H&E) to visualise differentiation (Figure
4.9). Although the apparent presence of lipid droplets can be visualised in the
later timepoints (indicated by arrows) (Figure 4.9D-E), as the lipid itself is
removed during sample processing, these are the spaces where the lipid would
have been, and | hypothesised this was affecting the structural integrity of well-
differentiated spheroids. Additionally, very few sections were obtained per block
as the spheroids were difficult to see and therefore isolate on the slides. It was
therefore not possible to determine where in the spheroid a section was from,

which limited the usefulness of this approach.
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Figure 4.9 - Histological sections of SGBS spheroids throughout diff;ntiation. SGBS
spheroids were fixed at the indicated day of differentiation, embedded in paraffin and sectioned.
Resulting sections were stained using Haematoxylin & Eosin (H&E) and imaged. Arrows indicate
apparent presence of lipid droplets, visible as white spaces within the stained cell cytoplasm. Scale
bar = 50 ym.

Cryosectioning - where fixed samples are snap-frozen in liquid nitrogen and
sectioned - was investigated as an alternative to paraffin sectioning, as this
technique allows lipid droplets to remain in the samples and therefore may
better preserve the integrity of the differentiated spheroids. Using the cryostat,
sequential sections were able to be isolated and imaged, allowing the relative
position of a section within the spheroid to be inferred (Figure 4.10). These
images again highlight the asymmetry of some differentiated spheroids, as well
as the increased presence of lipid droplets appearing as lighter coloured

‘bubbles’ within the stained cytoplasm of cells around the spheroid periphery.
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Figure 4.10 - Sequential cryosections of differentiated SGBS spheroids demonstrate
asymmetric morphology and presence of lipid droplets. A) Differentiated SGBS spheroids
were fixed, cryosectioned at 7 um and sequential sections stained with H&E. Representative
spheroids shown through the sequential sections, with distance from the first panel indicated.
Arrows indicate apparent presence of lipid droplets, visible as lighter coloured ‘bubbles’ within the
darker stained cell cytoplasm. Scale bar = 100 pm. B) Schematic showing approximate anticipated
location of sections from an intact spheroid.

Overall, a series of imaging approaches have been developed to assess the
morphology and phenotype of SGBS spheroids throughout differentiation. Each
method is best suited to different purposes; however, all show the presence of
lipid droplets in differentiated spheroids which are absent in undifferentiated
spheroids. Together, these imaging approaches highlight that cells around the
periphery of the spheroids appear to accumulate larger lipid droplets than the
cells within the spheroid core, and that spheroids appear to differentiate
asymmetrically, with more lipid droplets at one side of the spheroid than the

other.
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4.5 Changes in adipogenic gene and protein expression
patterns can be measured in SGBS spheroids

4.5.1 SGBS spheroids undergo significant changes in gene
expression during differentiation

To assess changes in gene expression across SGBS spheroid differentiation, RNA
was isolated from pools of spheroids at different stages of differentiation - days
0, 4, 8, 12 and 14 - and expression of selected adipogenic markers was measured
using RT-qPCR. Cr values were analysed using the 22T method to show
expression fold change relative to the day 0 sample using Sp1 as the
housekeeping control (Figure 4.11), with raw Cr values used to compare the

relative expression levels of genes (Table 4.2).

Several adipogenic markers are significantly upregulated during differentiation,
with the key transcriptional regulator PPARG the first to be significantly
upregulated after only 4 days (Figure 4.11A) alongside fatty acid binding protein
4 (FABP4) (Figure 4.11B). Next to be upregulated are the long chain fatty acid
receptor FFA4 (Figure 4.11C), the enzymes hormone-sensitive lipase (HSL)
(Figure 4.11D) and lipoprotein lipase (LPL) (Figure 4.11E) and the adipokine
adiponectin (Figure 4.11F), where a significant increase is measured after 8
days (except FFA4 where the trend is not significant until day 12). Notably, the
expression of FABP4, FFA4 and HSL (Figure 4.11B-D) appear to decrease
between day 12 and 14, whereas expression of LPL and adiponectin (Figure
4.11E-F) continues to increase across the same time period, although these
trends were not significant. Expression of the brown adipocyte marker
uncoupling protein 1 (UCP1) was not reliably detected in differentiated or
undifferentiated spheroids, with high Cr values >37 obtained for both.

Expression of the B;-adrenoceptor (ADRB2) is not significantly upregulated during
differentiation (Figure 4.11G), whereas the adipocyte-specific B3-adrenoceptor
(ADRB3) appears to increase in expression during adipogenesis, although this was
not significant (Figure 4.11H). However, the relative expression level of ADRB2
may be higher than ADRB3 throughout differentiation as indicated by the lower

raw Cr values (Table 4.2).
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KRT19, the gene encoding cytoskeletal protein keratin 19, is significantly
downregulated during differentiation (Figure 4.111), highlighting the transition
of SGBS cells from a fibrobrast-like to adipocyte phenotype. Additionally, there
is a significant upregulation of the GLUT4 insulin regulated glucose transporter
coupled with a downregulation in the constitutively open GLUT1 transporter

(Figure 4.11J-K), which may suggest a shift to an insulin-sensitive phenotype.
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Figure 4.11 — Gene expression in SGBS spheroid changes during differentiation. RNA was
isolated from spheroids at the indicated day of differentiation and RT-qPCR completed using
primers for the indicated gene. Cr values were analysed using the 22T method to show
expression fold change relative to RNA isolated from day 0 cells, using primers for Sp1 as
housekeeping control. Data are presented as mean + SEM from N=3-5 independent experiments
with n=2 technical replicates. Statistical comparisons are given to day 0 sample using lognormal
one-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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genes. Heat map indicates magnitude of values where green indicates high expression and red
indicates low expression. Presented as mean + SEM of N=3-5 independent experiments with n=2

technical replicates.

Mean Cr + SEM
Gene Day 0 Day 14
PPARG 22.29 + 0.28 20.16 £ 0.33
Adiponectin 27.47 +1.32 18.43 + 0.86
FABP4 30.85 + 0.57 19.5 £ 0.43
FFA4 24.05 £ 1.18 21.63 £ 0.43
HSL 31.68 + 0.15 30.43 + 0.36
LPL 27.78 £ 0.78 19.18 + 0.71
ADRB2 26.74 £ 0.13 27.22 + 0.36
ADRB3 32.62 + 0.18 32.78 + 0.40
KRT19 23.02 + 0.15 27.66 + 0.38
GLUT4 25.99 + 0.23 23.43 £ 0.86
GLUT1 19.27 + 0.17 22.88 + 0.39
PLIN1 34.33 £ 0.54 19.85 + 0.24
UCP1 37.68 + 2.24 37.53 +1.34
High Expression Low Expression
Low CT High CT
[
18 28 38

Overall, these gqPCR data indicate that the gene expression of SGBS spheroids
significantly changes during differentiation at the transcriptional level, with
upregulation of classical adipogenic markers including PPARG, FABP4 and GLUT4
coupled with downregulation of fibroblast-like markers KRT19 and GLUT1.

4.5.2 Immunocytochemistry (ICC) shows changes in gene
expression translate to protein level

Next, | investigated whether the changes in gene expression at the mRNA level
translate to changes at the protein level. Perilipin 1 is a protein which coats the
surface of lipid droplets and is involved in the regulation of lipolysis. In basal or

fed conditions, perilipin 1 prevents lipase enzymes from accessing lipid droplets,
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but in stimulated or fasted conditions, perilipin 1 is phosphorylated by PKA,
allowing lipolysis to occur (Sztalryd and Brasaemle, 2017; Desgrouas et al.,
2024).

In gPCR experiments, perilipin 1 is highly upregulated during differentiation
(Figure 4.12A). To compare whether this upregulation also occurs at the protein
level, immunocytochemistry (ICC) was used to assess perilipin 1 protein
expression. Differentiated or undifferentiated intact SGBS spheroids were fixed,
permeabilised and stained with DAPI (nuclei, cyan) and antibody against perilipin
1 (magenta) and images taken of the surface of the spheroid using a confocal
microscope (Figure 4.12B).

Although some background staining is observed in the undifferentiated sample,
there is a clear increase in specific staining observed in the differentiated
sample. Perilipin 1 appears to be present in the cytoplasm of cell and around the
outside of anticipated lipid droplets which appear as dark regions with no
nuclear or perilipin 1 staining, indicated by the white arrows in the inset image
(Figure 4.12B). Use of a co-stain which directly labels lipid droplets such as
BODIPY or LipidSpot (Figure 4.5) would help to confirm this finding.



167

A B Perilipin 1
" e Wy wgD (s
e}
)
o
PLIN1 <
o
% %k 3k k e
600000 5
3 -}
L]
g’
© 40000 -
©
= °
o
°
uo. 20000 - _l_ E
o
. =
> o
0 —pe T g
Day 0 Day 14 a

A

Figure 4.12 - Perilipin 1 is expressed at the gene and protein level in differentiated SGBS
spheroids. A) Gene expression analysis of Perilpin 1 in SGBS spheroids before and after
differentiation, determined by RT-gPCR. Cr values were analysed using the 22T method to show
expression fold change relative to RNA isolated from day 0 cells, using primers for Sp1 as
housekeeping control. Data is presented as mean + SEM from N=5 independent experiments with
n=2 technical replicates. Statistical comparison was made using a lognormal t test, p < 0.0001. B)
Undifferentiated or differentiated SGBS spheroids were fixed and expression of Perilipin 1
assessed using immunocytochemistry (ICC). Fixed spheroids were permeabilised and stained with
DAPI (blue, nuclei) and anti-perilipin 1 antibody (magenta). Inset shows indicated region at higher
magpnification to show dark circles expected to be the location of lipid droplets, highlighted by white
arrows. Scale bar = 20 ym.

Thus, there is evidence that the upregulation of adipogenic markers at the
transcription level observed using gPCR is translated to the protein level.
However, due to challenges with staining and imaging intact spheroids, ICC can
only be used to visualise proteins expressed on the surface of the spheroids and

additional approaches are needed to look at proteins in the spheroid core.

4.5.3 Immunohistochemistry (IHC) can be used to visualise
protein expression in the centre of spheroids

To investigate protein expression in the centre of SGBS spheroids, differentiated
or undifferentiated spheroids were fixed, cryosectioned and stained using
immunohistochemistry (IHC) with primary antibody against the protein of
interest and secondary antibody conjugated to horseradish peroxidase (HRP)

enzyme which converts the 3,3'-diaminobenzidine (DAB) with nickel substrate to
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a dark brown precipitate. Sequential sections were taken, with presented
images taken towards the centre of the spheroid. Control conditions using
differentiated spheroid sections were also prepared to assess non-specific
staining with either an IgG control instead of primary antibody or secondary
antibody only. Stained sections were counterstained with haematoxylin to

identify cell nuclei in blue.

FABP4 was shown to be highly expressed in differentiated spheroids but absent
in undifferentiated samples (Figure 4.13). The staining is darkest around the
spheroid periphery and close to cells where lipid droplets are visible as light-
coloured circles (highlighted by arrows in inset), but is lighter towards the
centre of the spheroid (Figure 4.13A). An asymmetric distribution is again
observed, with more differentiated cells and FABP4 staining on one side of the
spheroid. No staining is observed in the undifferentiated (Figure 4.13B) or non-

specific control samples (Figure 4.13C-D).
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Figure 4.13 - FABP4 is highly expressed in differentiated SGBS spheroids. Differentiated (A,
C-D) or undifferentiated (B) spheroids were fixed, cryosectioned at 7 um and expression of FABP4
assessed using immunohistochemistry (IHC). Sections were probed using a rabbit primary
antibody for FABP4 (A-B), IgG control (C) or buffer only (D) and secondary anti-sera conjugated
with HRP, with positive staining appearing as the dark brown precipitate of DAB/Ni substrate in the
differentiated sample. Sections were counterstained with haematoxylin (nuclei, blue). Sequential
sections were taken and stained with presented images taken from approximately the centre of
spheroids. Insets show presence of lipid droplets as light-coloured circles, highlighted by arrows.
Scale bar = 50 pm.

To test the hypothesis that the spheroids may be hypoxic in the centre, IHC was

also used to assess the expression of hypoxia inducible factor 1 alpha (HIF-1a) in
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differentiated and undifferentiated samples (Figure 4.14). Again, sequential
sections were taken and stained, with presented sections taken from towards
the centre of the spheroid. No specific HIF-1a staining was observed anywhere
within either the differentiated or undifferentiated sections (Figure 4.14).
However, the lack of positive control for HIF-1a staining in this experiment
limits further interpretation, and a comparison to spheroids grown in low oxygen
conditions is needed to confirm if this is result is due to no hypoxia or simply due

to poor staining.

A Differentiated B Undifferentiated C 1gG Control

»
& 2e

D No Primary Antibody

e

g NS 7
PARREYT s

Figure 4.14 — HIF-1a is not detected in SGBS spheroids. Differentiated (A, C-D) or
undifferentiated (B) spheroids were fixed, cryosectioned at 7 um and expression of HIF1a
assessed using immunohistochemistry (IHC). Sections were probed using a rabbit primary
antibody for HIF-1a (A-B), IgG control (C) or buffer only (D) and secondary anti-sera conjugated
with HRP. Sections were counterstained with haematoxylin (nuclei, blue). Sequential sections were
taken and stained, with presented images taken from approximately the centre of spheroids.
Arrows indicate presence of lipid droplets. Scale bar = 50 ym.

Thus, IHC can be used to identify protein expression at different locations within
the spheroids. Here, it has been shown that FABP4 is highly expressed within the
differentiated cells present around the spheroid periphery but broadly absent in
the spheroid centre and in undifferentiated spheroids. No evidence of HIF-1a

expression was observed in differentiated or undifferentiated SGBS spheroids.

Together, these data demonstrate that differentiated SGBS spheroids upregulate
key adipogenic markers at both gene and protein level. However, it appears that

differentiation is not uniform throughout the spheroid, with cells on one side of
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the spheroid expressing higher levels of FABP4 than the other, and cells around
the spheroid periphery more highly differentiated than the cells towards the

centre.
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4.6 Changes in the mechanical properties of SGBS
spheroids can be measured using nanoindentation

One advantage of spheroid models is that the cellular microenvironment better
recapitulates the complexity in vivo, with cells maintaining the ability to
interact with neighbouring cells and the ECM. This therefore means the
mechanical and biophysical properties of spheroids may more closely resemble
in vivo tissue compared to 2D cells grown on a stiff plastic surface (Baker and
Chen, 2012).

The biophysical properties of differentiated or undifferentiated spheroids were
investigated using nanoindentation (Ciccone et al., 2022), where the spheroids
are positioned and pressed with the nanoindenter probe (Figure 4.15A). The
resulting deformation of the cantilever probe can be used to calculate the
Young’s Modulus (E) as a measure of spheroid stiffness. It was found that the
stiffness of spheroids significantly increased during differentiation, from 0.68
kPa in undifferentiated spheroids to 1.01 kPa in differentiated spheroids (Figure
4.15B).

A Undifferentiated B

g KERKX

Differentiated

| i
Undiff. Diff.

Figure 4.15 - Differentiated SGBS spheroids have higher stiffness than undifferentiated
control. A) Representative images showing nanoindentation setup with undifferentiated (top) or
differentiated (bottom) spheroid positioned underneath the nanoindenter cantilever probe. Scale
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bar = 250 um. B) Young’s modulus determined by nanoindentation of undifferentiated and
differentiated SGBS spheroids. Data is presented as median + interquartile range from 195-225
individual measurements taken from 5 spheroids across two separate occasions. Statistical
comparison was made using non-parametric Mann-Whitney test, p < 0.0001.

This demonstrates the possibility to use advanced biophysical techniques to
measure the material properties of spheroids and indicates that lipid

accumulation during adipogenesis increases the stiffness of SGBS spheroids.



173

4.7 Differentiated SGBS spheroids undergo lipolysis and
glucose uptake

Next, it was critical to establish whether differentiated SGBS spheroids can
function as adipocytes. To do this, assays were established to measure lipolysis

and glucose uptake as examples of characteristic adipocyte function.

4.7 1 Differentiated SGBS spheroids undergo lipolysis in
response to stimulation

Lipolysis is the metabolic process by which stored triglycerides are hydrolysed to
glycerol and fatty acids. It is commonly measured in vitro by measuring the
quantities of fatty acids or glycerol released by adipocytes in the basal or
stimulated states (Schweiger et al., 2014).

Firstly, the Free Glycerol colorimetric reagent (Sigma) was used to quantify
glycerol released by a pool of 20 spheroids in HBSS containing 1% Bovine Serum
Albumin (BSA) to accept the released fatty acids and prevent their reuptake.
After 10 minutes in buffer, a sample was removed and replaced with vehicle
control or either the B-adrenoceptor agonist isoprenaline or the adenyl cyclase
activator forskolin, which are commonly used to stimulate lipolysis (Allen, 1985).
Samples were taken at two-hour intervals and quantified using Free Glycerol
reagent (Figure 4.16).

At the baseline measurement, significantly more glycerol was released from the
differentiated than undifferentiated spheroids, indicating a higher level of basal
or unstimulated lipolysis (Figure 4.16A). Furthermore, a measurable increase in
glycerol released is observed in the differentiated spheroids in response to
isoprenaline and forskolin, although only the forskolin response was statistically
significant compared to vehicle control at the same time point (Figure 4.16B).
Additionally, this response occurs across a long incubation time, and requires
many spheroids per sample with a large sample volume per measurement which

limits throughput.



174

>

Baseline B Time Course

-
3]
]
3]
]

*%

Diff Vehicle
Diff Isoprenaline (1 pM)
—— Diff Forskolin (10 pM)

T ¢

Lipolysis

Undiff Vehicle
Undiff Isoprenaline (1 uM)
Undiff Forskolin (10 uM)

'

e
=)
!
*

-
1

[Glycerol Released] (mg/L)
o
(3, ]
1
(]
Lipolysis
[Glycerol Released] (mg/L)

l
|

-

)
[3,]
1
[*4
(4
o
o -4

N Time (h)

Figure 4.16 - Differentiated SGBS spheroids undergo lipolysis in response to stimulation.
Differentiated or undifferentiated SGBS spheroids were pooled in HBSS + 1% BSA. After 10
minutes, a sample of buffer was removed (time 0) and replaced with 1 uM isoprenaline, 10 uM
forskolin or vehicle control. Buffer samples were removed at two-hour intervals and released
glycerol quantified using colorimetric Free Glycerol reagent. A) Glycerol released by differentiated
or undifferentiated SGBS spheroids at time 0 showing baseline unstimulated lipolysis. Statistical
comparison was made using an unpaired t test, **p < 0.01. B) Glycerol released by differentiated or
undifferentiated SGBS spheroids in response to stimulation. Data presented as mean £ SEM from
N=6 pools of 20 spheroids across 3 independent experiments with n=2 technical replicates.
Statistical comparisons were made using repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Dunnett’'s multiple comparisons test. *p < 0.05, **p < 0.01 compared to
Diff Vehicle response at each time point.

To overcome these obstacles, the Glycerol-Glo reagent (Promega) was identified
as an alternative approach to quantify glycerol release. This kit is reported to be
more sensitive and requires less sample volume than the Free Glycerol reagent,
with the luminescent readout providing a linear detection range of 1-80 uM and
sample volume of 5 pL, compared to 10-200 pM and 50 pL respectively with the

Free Glycerol reagent.

To compare these reagents, the experiment in Figure 4.16 was repeated with
glycerol quantified from spheroid supernatant using both Free Glycerol and
Glycerol-Glo reagents in parallel (Figure 4.17). A significant increase in glycerol
release can be measured after 4 hours following stimulation with 1 pM
isoprenaline or 10 uM forskolin, with the trends observed appearing consistent
between both kits (Figure 4.17). However, despite these measurements being
taken from the same spheroid supernatant samples, the concentrations of
glycerol measured appear higher with the Glycerol-Glo reagent compared to the
Free Glycerol kit, perhaps indicating the sensitivity and detection range of the
Glycerol-Glo reagent is better suited to this assay. This, combined with the fact

that the smaller sample volumes required for the Glycerol-Glo kit can allow for a
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more concentrated sample and therefore fewer required spheroids, meant that

this kit was chosen as the preferred assay format for future studies.
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Figure 4.17 - Glycerol-Glo reagent allows more sensitive measurements of lipolysis.
Experiment completed as Figure 4.16 with glycerol in supernatant quantified using both Free
Glycerol (A) and Glycerol-Glo (B) reagents. Data presented as individual measurements with mean
+ SEM indicated, from N=4 pools of 20 spheroids across 2 independent experiments with n=2
technical replicates. Statistical comparisons were made to vehicle using a repeated measures two-
way ANOVA with Geisser-Greenhouse correction and Dunnett’s multiple comparisons test.

*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

Thus, an assay has been developed to measure lipolysis in adipocyte spheroids
and has been used to show that differentiated SGBS spheroids have higher basal
lipolysis than undifferentiated spheroids and can increase lipolysis in response to

isoprenaline and forskolin stimulation.

4.7.2 Differentiated SGBS spheroids undergo insulin-stimulated
glucose uptake

Glucose uptake is a commonly used measurement of adipocyte function as it is a
critical component of energy homeostasis in adipose tissue (Rosen and
Spiegelman, 2006; Shi and Kandror, 2008). Typically, glucose uptake is measured
using radiolabelled 2-deoxyglucose (2DG), however increasingly groups are
transitioning to non-radioactive colorimetric, fluorescent or luminescent
alternatives (Yamamoto et al., 2015). The Glucose Uptake-Glo assay (Promega)
uses a bioluminescent detection reagent to quantify glucose uptake. Briefly, 2DG
is added and taken up by cells where it is converted to 2-deoxyglucose-6-
phosphate (2DG6P). The detection reagent contains glucose-6-phosphate
dehydrogenase (G6PDH) which oxidises 2DG6P to 6-phosphodeoxygluconate
(6PDG) while reducing NADP+ to NADPH, ultimately used by the Ultra-Glo

Recombinant Luciferase to generate light.
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Although this is a kit-based assay, no optimised protocol yet exists using the
Glucose Uptake-Glo kit to measure glucose uptake into adipocyte spheroids. In
this assay, adipocytes are treated for 1 hour with insulin to stimulate
translocation of GLUT4 glucose transporters from intracellular vesicles to the
cell membrane. Stimulated cells are then incubated with 2DG for a short period
of uptake at room temperature before cells are lysed to stop the reaction. In 2D
adipocyte cultures, a 2DG incubation time of 10 mins at room temperature is
recommended. | hypothesised that a longer incubation time may be necessary to
improve reagent penetration into the spheroid and increase the assay window
(Figure 4.18). Pools of differentiated spheroids were incubated in the presence
or absence of 1 pM insulin to assess insulin sensitivity of the spheroids. 40 pM
cytochalasin B was included as a small molecule inhibitor of glucose transporters

and act as a baseline control (Ebstensen and Plagemann, 1972).

In the assay, it was shown that addition of insulin resulted in a ~75% increase in
glucose uptake, which was blocked by addition of cytochalasin B. An increase in
luminescent signal was observed with increasing 2DG incubation time in both
vehicle and insulin-treated conditions (Figure 4.18A). When each timepoint was
expressed as a fold change to its respective vehicle, no change in the insulin
response was Vvisible between timepoints (Figure 4.18B). A 2DG incubation time

of 20 minutes was selected for future experiments.
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Figure 4.18 - 2DG incubation time does not affect baseline-corrected insulin-stimulated
glucose uptake. Differentiated SGBS spheroids were pooled and treated with 1 yM insulin + 40 pl
cytochalasin B for one hour. 1 mM 2-deoxyglucose (2DG) was then added for the indicated time
and glucose uptake quantified using the Glucose Uptake-Glo kit. Raw luminescence values were
expressed as a fold change of the 10 mins vehicle (A) or as a fold change of each timepoint vehicle
respectively (B). Data presented as mean + SEM from N=4 pools of 8 spheroids across 2
independent experiments with n=2 technical replicates. Statistical comparisons were made using
two-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001.

Next, differentiated and undifferentiated spheroids were compared to
determine whether insulin sensitivity develops during differentiation (Figure
4.19). It was found that addition of insulin significantly increases (**p = 0.0011)

glucose uptake by 83.1% in differentiated spheroids but has no effect in

undifferentiated spheroids. In both differentiated and undifferentiated
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spheroids, cytochalasin B significantly (*p < 0.01) inhibits the vehicle and

insulin-stimulated responses (Figure 4.19).
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Figure 4.19 - Differentiated SGBS spheroids uptake glucose in response to insulin.
Differentiated or undifferentiated SGBS spheroids were pooled and treated with 1 uM insulin £

40 pl cytochalasin B for one hour. 1 mM 2DG was then added for 20 minutes and glucose uptake
quantified using the Glucose Uptake-Glo kit. Raw luminescence values were expressed as a fold
change of the respective vehicle. Data presented as mean + SEM from N=4-6 pools of 8 spheroids
across 3 independent experiments with n=2 technical replicates. Statistical comparisons were
made using one-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01 (£ insulin),

##p < 0.01, ###p < 0.0001 (+ cytochalasin B).

| have therefore established a non-radioactive assay to assess glucose uptake in
adipocyte spheroids and demonstrate that differentiated SGBS spheroids can

increase glucose uptake in response to insulin.

Taken together, these data show that the function of SGBS spheroids can be
determined in plate-based assays, and highlight that differentiated SGBS
spheroids display characteristic adipocyte functions including B-adrenoceptor-

stimulated lipolysis and insulin-stimulated glucose uptake.
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4.8 Discussion

In this chapter, | have developed and characterised a 3D in vitro adipocyte
spheroid model using SGBS cells. | have optimised and validated several
approaches to assess the appearance, expression profiles and function of these
spheroids and have determined that differentiated SGBS spheroids accumulate
lipid droplets, express adipogenic gene and protein markers, and show
characteristic adipocyte functions including increased lipolysis in response to
treatment with a B-adrenoceptor agonist, and increased glucose uptake

following insulin stimulation.

An initial aim of this project was to generate a completely animal-free spheroid
system using human-derived SGBS cells rather than murine-derived 3T3-L1 cells,
and replacing all animal-derived reagents with human-derived or synthetic
alternatives to align with the Animal Free Research UK guidelines (Animal Free
Research UK, 2021). This would therefore improve the human relevance and
translational validity of this work by removing any effect of xenogeneic serum
components on cell behaviour and physiology while also reducing the ethical
concerns associated with use of animal-derived reagents (Nessar et al., 2025;
Weber et al., 2025). Critically, as serum is an extremely complex mixture
comprising several classes of proteins, carbohydrates, and lipids (Lee et al.,
2022, 2023) with well-documented batch-to-batch variation (van der Valk et al.,
2018; Weber et al., 2025), scientific reproducibility and reliability is likely to be

improved when using defined medium.

Although the SGBS differentiation protocol was chemically defined, attempts to
replace FBS in the SGBS growth medium proved challenging. Direct replacement
of FBS with HS resulted in much slower growth, and although supplemented HS
and hPL showed promising results, the optimisation required was not feasible
within this project.

Unlike other animal-derived resources such as trypsin or collagen which can be
directly replaced with - albeit costly - recombinant alternatives, chemically
defined medium cannot fully recapitulate the complexity of FBS. Alternative
medium formulations therefore tend to be specific to individual cell types,

where significant optimisation has resulted in an optimal, but not universal
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formulation. Alternatives for commonly used cell types can be found using the
FCS-free database (Fetal Calf Serum Free Database, n.d.), however the cost of
these products continues to be prohibitively expensive for many and there is a
lack of validated and established protocols for lesser used cell types. The
identification of a ‘universal’ serum alternative such as hPL or earthworm heat-
inactivated coelomic fluid may address some of the ethical concerns of using
FBS, but does not fully alleviate the batch dependency and need for defined
composition for some purposes such as cell therapy or cultured meat
(Chelladurai et al., 2021). These complexities require significantly more
consideration and investment than is possible within a sub-project of a PhD

thesis.

SGBS cells have been used since their identification in the early 2000s as an in
vitro model of human adipocytes (Tews et al., 2022). The cells are not
commercially available and can be obtained only through Material Transfer
Agreement (MTA) from the Wabitsch group. Consequently, the uptake of SGBS
cells in the field has been limited, with approximately 200 results on PubMed for
the search term “SGBS adipocytes” compared to >10,000 for “3T3-L1
adipocytes”. Nevertheless, SGBS cells have been well characterised by groups
seeking a human-derived adipocyte cell strain with well-known gene expression
and metabolic activity profiles (Wabitsch et al., 2001; Fischer-Posovszky et al.,
2008; Tews et al., 2022). However, there are few studies directly comparing
SGBS cells to other adipocyte types. Often SGBS cells generate similar results to
other human-derived cell types including hMADS, LipPD1 or primary hADSCs in in
vitro studies (Kassner et al., 2020; Wu et al., 2021). Conversely, marked
differences have been recorded between SGBS cells and 3T3-L1 cells. Several
studies have reported differences in adipogenic gene expression between the
cell types (Allott et al., 2012; Li et al., 2023a; Takahashi et al., 2024) as well as
differences in gene regulatory motifs (Schmidt et al., 2011) and post-
translational modifications (Aldehoff et al., 2024). Critically, in a comprehensive
study at AstraZeneca, Rossi et al. described significant differences between
these two cell types following chronic insulin exposure to model insulin
resistance, with gene expression between the cell lines suggesting differential
responses to hyperinsulinemia, and SGBS cells showing a only a modest ~25%

reduction in glucose uptake compared the ~75% reduction observed for 3T3-L1
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cells, highlighting that selection of cell type is vital in studies of metabolic
disease (Rossi et al., 2020).

Although it is known SGBS cells have limited differentiation potential, it was
previously reported that the cells retain their capacity for differentiation for
over 50 generations (Wabitsch et al., 2001). Thus, the observation that the SGBS
cells in our lab could only be differentiated up to passage 5 was surprising. This
may be due to confusion in terminology; the SGBS cells we received from the
Wabitsch group (P1) were reportedly ‘generation 30’, and if ‘generation’ refers
to population doublings, then each 1:5 cell passage split would be equivalent to
5 generations and thus ‘passage 5’ would in fact exceed the previously reported
50 generation limit. As publications in the literature do not typically report
passage or generation number, it is not possible to know whether this
observation is consistent with others. However, the limited differentiation
capacity is a substantial disadvantage of these cells; as they were isolated from

a single patient over 20 years ago, there is a finite global supply of these cells.

A further challenge with SGBS adipocyte differentiation is the batch-to-batch
variation observed. In 2D cultures, differentiation was variable. Some batches
saw near 100% of cells successfully differentiate, whereas others had small
patches of differentiated cells. In 2D, differentiation is easy to assess by
observing lipid droplet accumulation using a light microscope and can be
quantified using oil red O staining (Kaczmarek et al., 2024). In 3D, it is much
more challenging to assess differentiation using a microscope, although it was
usually possible to infer whether a batch had differentiated well or poorly based
on the size of the whole spheroid and any lipid-laden cells around the periphery.
This is largely consistent with findings from other 3D cultured adipocytes, which
also report a gradual increase in spheroid size and volume throughout the
differentiation process associated with accumulation of lipid droplets (Turner et
al., 2017; Klingelhutz et al., 2018; Shen et al., 2021). Interestingly,
differentiation of human preadipocytes from primary (Shen et al., 2021) or
immortalised (Klingelhutz et al., 2018) sources appear to differentiate more
successfully than the SGBS spheroids, with a greater number and apparent size
of lipid droplets observed in H&E, SEM and confocal images, albeit following a
longer differentiation period of 3-7 weeks compared to the 14 days used here for
SGBS spheroids (Klingelhutz et al., 2018; Shen et al., 2021). It is therefore
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possible that extending the differentiation period may improve the

differentiation success of SGBS spheroids.

A reliable quantitative method to assess differentiation success would be
invaluable as a quality control parameter for spheroid assays. Although oil red O
staining was possible with spheroids, the low signal acquired means large
numbers of spheroids must be used to generate a reliable response. An
alternative method, perhaps using a fluorescent neutral lipid staining dye such
as BODIPY, NileRed, or LipidSpot (Fam et al., 2018) should be investigated.
These fluorescent dyes may offer several potential advantages over oil red O;
firstly, oil red O has poor solubility requiring the use of isopropanol for staining,
which can disrupt the native morphology of lipid droplets, whereas fluorescent
dyes are soluble in standard buffers (Fukumoto and Fujimoto, 2002).
Additionally, these fluorescent dyes typically result in more specific staining due
to their solvatochromic properties, meaning that they specifically fluoresce
when in an organic or lipid-rich environment (Gocze and Freeman, 1994; Fam et
al., 2018). Thus, unbound dye should not contribute to background signal and
does not need to be washed off as thoroughly. Several imaging pipelines exist to
quantify the number and size of BODIPY-stained lipid droplets in 2D adipocytes
(Adomshick et al., 2020), and it is therefore likely that versions of these
pipelines can be adapted for use in spheroid Z-stacks or cryosectioned slices
(Garcia et al., 2023).

In this chapter, a series of imaging approaches including confocal microscopy,
electron microscopy and histology were used to visualise the morphology of SGBS
spheroids and understand how this changes during differentiation. These
methods were challenging and required significant optimisation largely due to
the size of the spheroids. The light scattering properties of intact spheroids are
a major limitation to imaging depth (Diosdi et al., 2021), meaning traditional
light and confocal microscopy approaches used in 2D are not suitable. However,
the individual spheroids are very small compared to typical tissue samples,

meaning sectioning protocols were difficult.

Imaging adipocytes and adipose tissue is known to be challenging due to the high
lipid content of the samples which has high autofluorescence and light scattering

properties (Richardson and Lichtman, 2015; Lai et al., 2017; Willows et al.,
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2021). Therefore, using laser scanning confocal microscopy of intact spheroids, it
was only possible to image the outer layers of the spheroid and not the internal
core. Light sheet microscopy is likely to provide an improved method of imaging
for intact 3D structures (Stelzer and Smyrek, 2017; Lazzari et al., 2019).
Alternatively, optimisation of sample processing and inclusion of tissue clearing
protocols may improve the images obtained using laser scanning confocal
microscopy (Martinez-Santibanez et al., 2014; Chi et al., 2018; Diosdi et al.,
2021).

Histological sectioning of spheroids is a common technique in the literature
(Olsen et al., 2014; Klingelhutz et al., 2018; Jackisch, 2019), however very few
publications report detailed protocols, particularly for small numbers of
spheroids. The protocols reported here have combined features of previous
methods and included adaptations to optimise sectioning of adipocyte spheroids.
Firstly, a large pool of around 50 spheroids is preferred for reliable sectioning.
Additionally, a pre-staining step - where fixed spheroids are stained with
haematoxylin before sample processing - is helpful to improve visibility of the
spheroids through subsequent steps. | have typically found that this
haematoxylin stain fades through the processing stages and re-staining is
required to view the nuclei on the final slides. Protocols for both paraffin-
embedded and cryosectioned samples have been optimised. While paraffin
embedding is reported to better preserve the morphology of sections and allows
long term storage, cryosections better preserve the expression of antigens for
downstream IHC (Hira et al., 2019). Critically, the solvents used when preparing
paraffin-embedded sections dissolve lipids, whereas lipid droplets will remain
intact during cryopreservation, meaning specific lipid stains can only be used

with cryosections (Martinez-Santibanez et al., 2014).

For paraffin-embedded samples, an additional processing step was necessary to
embed stained spheroids within a 2% (w/v) agarose gel ‘cell block’ which was
then processed and sectioned as a ‘tissue’ sample. This approach resulted in
modest success; although sections were obtained, only a small number of cut
sections contained spheroid samples, and it was not possible to determine
whereabouts in the spheroid a section was originally from. This may be due to
poor structural integrity of the samples resulting from the removal of lipid

during processing, or poor adherence between the spheroids and agarose
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allowing the spheroid samples to float out of the section. The latter may be
rectified by further optimisation of the agarose embedding process though
altering the material properties or composition of the gel (Jones and Calabresi,
2007) or embedding the spheroids before fixation in the gel (Jain et al., 2014;
Saharti, 2024). The cryosectioned samples were typically more reliable and
sequential sections were obtained. This may be due to the lipid droplets
remaining in situ, helping to preserve the structural integrity of the sample.
Therefore, the cryosectioning protocol presented here is recommended for

further use with adipocyte spheroids.

There are many distinct features in the morphology of SGBS adipocyte spheroids
which can be concluded through the combination of imaging approaches used.
Firstly, the SEM and sectioning images revealed the spheroids have an
asymmetric morphology, where spheroids appear to differentiate more at one
side than the other. This behaviour appears to be unusual for 3D cultures grown
in ULA plates, with irregular morphologies more commonly reported for
spheroids embedded within hydrogels (De Hoogt et al., 2017) or for cell types
with specific invasive or protrusive functions (Leggett et al., 2017). However,
there are also examples of some cell types which naturally form more irregular
spheroids (Sargenti et al., 2020; Kulesza et al., 2021), and a recent study
highlighted that the specific ULA plate type can also significantly affect the
morphology of spheroids (Vitacolonna et al., 2024). The asymmetric
differentiation of SGBS spheroids remains unexplained, but may be due to how
spheroids sit in the ULA plates; although the cells do not adhere to the plate,
they are still affected by gravity and settle against the base of the U-bottom
well, and it may be that the cells touching the plate differentiate differently to
those on the opposite face. It has previously been reported that the depth of
cell culture medium can affect differentiation of adipocytes, with medium
height inversely correlating with lipid content (Sheng et al., 2013). Therefore,
the region of the spheroid which is closer to the surface of the medium (thus
experiencing a shallower medium depth) could potentially differentiate better
than the opposite face. This may be particularly pronounced with the 384-well
ULA plates used in this study as a relatively high number of cells are seeded into
narrow wells. It may be that the asymmetric morphology develops soon after the

spheroids initially form and naturally settle in this orientation throughout
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differentiation. Completing imaging studies at earlier time points would help to
confirm this hypothesis. Furthermore, a comparison of SGBS spheroids prepared
using alternative methods such as spinning flask (Hoefner et al., 2020), hanging
drop (Klingelhutz et al., 2018) or magnetic levitation (Daquinag et al., 2013) or
even compared to 96-well ULA plates would also help determine if this
asymmetric phenotype is specific to the 384-well ULA plates used throughout

this project or a more general feature of adipocyte spheroids.

Additionally, TEM images showed that larger lipid droplets were present around
the outside of the spheroid and become smaller towards the centre, suggesting
that adipogenesis is happening more at the outside of the spheroid. This is
supported by the H&E sections also revealing more lipid droplets present around
the spheroid periphery, and IHC confirming expression of FABP4 is lower in the
centre of the spheroid. This phenomenon has been previously described for
spheroids generated from primary ADSCs, where the authors use TEM to describe
large unilocular adipocytes around the spheroid periphery which have a more
mature phenotype than those observed in 2D culture, with undifferentiated or
fibroblast-like cells in the centre (Robledo et al., 2023).

There are several plausible explanations for this observation. Firstly, the cells in
the centre of the spheroids may be under physical pressure from the outer cells
(Delarue et al., 2014; Dolega et al., 2017; Efremov et al., 2021), meaning the
cells may be physically unable to expand to take up lipid, but may still receive
the genetic cues to differentiate. This may be tested by using IHC to assess
PPARG expression in the centre of the spheroid, as this is the key transcriptional
regulator of adipogenesis (Rosen et al., 1999). Similarly, expression of
adipogenic markers not directly associated with lipid accumulation, such as the
adipokines leptin or adiponectin, could be assessed to determine whether the
cells can express other mature adipocyte protein markers and are therefore only
hindered in lipid accumulation, or whether differentiation has been completely
inhibited. Use of spatial transcriptomics techniques (Williams et al., 2022) in
spheroid sections could build a more complete picture of differences in gene
expression across different regions of the spheroid. This hypothesis that cells in
the centre of the spheroid have a physical restriction to lipid accumulation may
also be supported by the observation that in well differentiated spheroids, some

adipocytes appear to dissociate out of the spheroids. Adipocyte motility has not
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been widely studied, with one report suggesting mature adipocytes are less
motile than their preadipocyte progenitors (Lustig et al., 2019). However, as
these measurements were completed with cells attached to glass, it is likely
that the mechanical stimuli are vastly different to the spheroid
microenvironment. Further investigation is required to determine whether these
adipocytes are actively migrating outwards to give themselves more space to
expand outwith the confines of the spheroid, or whether this observation is due
to disruption of cell-cell contacts during differentiation and resulting in cells

passively ‘falling’ out of the spheroid.

Alternatively, cells in the centre of the spheroid may not be receiving sufficient
concentrations of the differentiation reagents, oxygen and nutrients leading to
hypoxia and necrosis within the spheroid core. However, no expression of HIF-1a
was observed in IHC staining, perhaps suggesting no hypoxia is occurring in the
spheroid centre. This is consistent with a prior study in human mesenchymal
stem cells (MSCs) demonstrating spheroids needed to be seeded with >3x10*
cells/sphere and >500 um diameter for hypoxia to be detected (Schmitz et al.,
2021). The literature in this field is debated, with oxygen limitations predicted
and observed for spheroids of 150-200 um diameter (Curcio et al., 2007),
although this is likely influenced by the cell type and spheroid formation
methods (Schmitz et al., 2021). Furthermore, the HIF-1a IHC was lacking a
positive control for staining. To confirm this finding, an additional control is
needed where positive HIF-1a staining is observed after spheroids are grown in a

hypoxia chamber.

In the gqPCR experiments, gene expression trends were broadly as expected, with
upregulation of key adipogenic markers occurring throughout differentiation.
PPARG is the first to be upregulated as the master transcriptional factor
regulating adipogenesis (Rosen et al., 1999), followed by traditional adipogenic
markers associated with lipid accumulation and regulation of metabolism
including adiponectin, FABP4, FFA4, HSL, LPL and ADRB3. Interestingly, the
expression of many of these markers decreases between day 12 and day 14 of
differentiation, although this was not significant. Previous studies have
investigated the mRNA expression dynamics in adipogenesis, and although mRNA
expression of early differentiation markers such as PPARG tend to decrease in

mature adipocytes, it is somewhat surprising that expression of FABP4 and HSL
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appear to decrease, as these would typically be considered as markers of mature
adipocytes (Schouwink et al., 2025). The transcript expression trends in this
study are broadly consistent with a previous 2D culture RNA microarray
transcriptomics study of differentiation in SGBS cells (Galhardo et al., 2014),
although as this previous data set was only continued to day 12 of

differentiation, it is not possible to compare the drop observed at day 14.

The upregulation of GLUT4 coupled to the downregulation of GLUT1 is similar to
observations from primary human (Hauner et al., 1998) and 3T3-L1 adipocytes
(Alshammari et al., 2025), and this transition to an insulin-sensitive phenotype is
reflected in the glucose uptake functional assays. However, while protein
expression of GLUT1 is downregulated to an almost undetectable level in human
adipocytes (Hauner et al., 1998), 3T3-L1 cells maintain a relatively high
expression level of GLUT1 at both the transcript and protein level, particularly
when troglitazone is added to the differentiation cocktail, leading to a higher
basal glucose uptake level (Tafuri, 1996; Alshammari et al., 2025). This
demonstrates a further difference between human and murine adipocytes and
highlights the requirement to use human-relevant models to study human
disease.

The nanoindentation data presented in this chapter showed that stiffness of
SGBS spheroids increased with differentiation. There is conflicting literature in
this field, with studies reporting stiffness decreases in 3T3-L1 or SGBS cells
(Kwon et al., 2011; Abuhattum et al., 2022), does not change in ADSCs (Labriola
and Darling, 2015) or increases in 3T3-L1 cells (Shoham et al., 2014) during
adipogenesis. Recent studies have highlighted the role that nutrition and
metabolic disease may play in the mechanical properties of adipose tissue
(Naftaly et al., 2022; Tsai et al., 2022), with one study suggesting that non-
diabetic adipocytes become softer during differentiation but diabetic adipocytes
become stiffer during adipogenesis (Abuhattum et al., 2022). Broadly, the
literature suggests that accumulation of lipid leads to stiffening of cells and
tissues, with excessive lipid accumulation leading to the stiffening of adipose
tissue observed in obesity (Blade et al., 2024).

It is well known that cells can alter their behaviour in response to the

mechanical properties of their microenvironment (Baker and Chen, 2012;
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Chaudhuri et al., 2020). Thus, a major advantage of 3D cell culture should be
that the mechanical properties of spheroids better match measurements in vivo
than 2D cell cultures grown on plastic. Although this is widely accepted, the
literature is lacking in studies measuring the stiffness of the same cell types
grown in 2D vs 3D and compared to in vivo or ex vivo tissue. Differences in study
methodology and parameters including indentation depth and the subcellular
location of the probe (i.e. nucleus vs lipid droplet) can impact the stiffness

measurement, making it difficult to compare between studies.

The data presented in this thesis concluded differentiated spheroids had a
Young’s modulus of around 1 kPa. This is broadly in line with the stiffness of
adipose tissue reported in other studies (Blade et al., 2024), although methods
and cell types vary. One study has reported the stiffness of SGBS cells in 2D as
0.46 kPa (Abuhattum et al., 2022), although this paper did not report any
statistical analyses. There are no published studies measuring the mechanical
properties of adipocyte spheroids. It is clear there are several unanswered
questions around the mechanical properties of differentiating adipocytes, and
thus the development of novel 3D model systems and experimental approaches
to assess their biomechanical properties will be valuable in working towards
answers. Furthermore, it will be interesting to investigate how the mechanical
properties of the SGBS spheroids may change with drug treatments or the

addition of inflammatory stimuli.

In functional assays, differentiated SGBS spheroids were shown to increase
lipolysis in response to isoprenaline and increase glucose uptake in response to
insulin. These characteristic adipocyte behaviours have been widely reported
and previously confirmed in differentiated SGBS 2D monolayers (Wabitsch et al.,
2001). Although there have been several examples of adipocyte spheroids
reported in the literature, relatively few reports describe functional assays and
rely instead on imaging and gPCR methodologies (Daquinag et al., 2013;
Klingelhutz et al., 2018; Dufau et al., 2021; Shen et al., 2021; Mandl et al.,
2022; Robledo et al., 2023; Dariolli et al., 2025; Wagner et al., 2025). This is
likely due to handling challenges with adipocyte spheroids; not only are these
samples free-floating in the medium, but the high lipid content also means these
spheroids are buoyant and prone to accidental loss during differentiation

medium changes and during assay wash steps. Functional assays therefore often
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rely on quantifying metabolites in the assay buffer, e.g. glycerol or fatty acids
released by lipolysis, or adipokines such as adiponectin. One example of a
glucose uptake assay in a spheroid system was identified, however this involved
quantifying the reduction in glucose in the assay buffer over a defined time
period (Kemas et al., 2021; Shen et al., 2021; Avelino et al., 2024). Therefore,
to my knowledge, this thesis presents the first direct glucose uptake assay in an

adipocyte spheroid.

The magnitude of responses from the SGBS adipocyte spheroids in the functional
assays somewhat differs from previous reported values. In the Glycerol-Glo
lipolysis assay, 1 UM isoprenaline resulted in an approximately 3.5-fold increase
in glycerol released over vehicle after 6 hours, which is in line with the values of
2.5-3-fold obtained by SGBS cells in 2D (Wabitsch et al., 2001; Fischer-Posovszky
et al., 2008; Kassner et al., 2020) and primary human white adipocytes in 3D
(Shen et al., 2021), although with differing incubation times of 3-22 hours.
Conversely, the ~70% increase in glucose uptake obtained in SGBS adipocyte
spheroids following treatment with 1 pM insulin is markedly smaller than the 2.5-
3-fold increase reported for SGBS monolayers following 5-15-minute incubation
with '#C-2DG (Wabitsch et al., 2001; Kassner et al., 2020; Tews et al., 2022).
The SGBS spheroids did appear to show an increased glucose uptake window
compared to 3T3-L1 adipocyte spheroids (Avelino et al., 2024), however this
study used quantification of glucose in the supernatant to infer glucose uptake
and therefore is not an ideal comparison. No studies were identified which
investigated insulin-stimulated glucose uptake in adipocyte spheroids directly
using labelled 2DG.

In the literature, two examples of SGBS adipocyte spheroids have been
previously reported (Jackisch, 2019; Kassner et al., 2020). In the thesis by
Jackisch (2019), SGBS spheroids are generated by the hanging drop method,
accumulation of lipid droplets is observed in H&E staining and qPCR shows
upregulation of FABP4 (aP2), the lipid transferase CIDEC, and FFA4 (GPR120)
during differentiation (Jackisch, 2019). In the research paper by Kassner et al.
(2020), SGBS spheroids are generated with ULA plates as a comparison to the
novel lipoma-derived cell strain LipPD1 and show an increase in NileRed lipid
staining and upregulation of adiponectin and PPARG expression. In both,

spheroid characterisation is limited to a single imaging approach and RNA
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isolation for qPCR. Thus, this thesis represents the first comprehensive
characterisation of SGBS adipocyte spheroids using a range of imaging

approaches, gene and protein expression analyses and functional assays.

Further development of this platform would ultimately depend on the intended
experimental application. Liquid handling was a significant practical challenge
throughout this work, with slow and manual approaches required to minimise
spheroid loss. This must be addressed to improve the throughput of the spheroid
assays, for example to facilitate high-throughput screening for drug discovery
approaches. One option may be to use a magnetic levitation method to generate
adipocyte spheroids, where cells are loaded with magnetic nanoparticles and a
magnetic field is used to guide cells to form spheroids (Daquinag et al., 2013;
Tseng et al., 2018; Dariolli et al., 2025). Consequently, magnets can be used at
the base of tissue culture plates to restrain the spheroids, reducing the risk of
spheroid loss during manipulation and facilitating automation (Baillargeon et al.,
2019; Dariolli et al., 2025).

A further technical challenge was the requirement to pool many individual
spheroids to generate sufficient sample for each experiment. This laborious
process involved manually picking individual spheroids out of the 384-well plate
and transferring them into eppendorf tubes. To improve the throughput and
reliability of these assays, further miniaturisation of the assays may ensure
fewer spheroids are required to obtain a signal. Alternatively, different methods
of spheroid preparation which generate large batches of uniform spheroids could
be considered, such as microwell arrays (Lee et al., 2018) or rotating bioreactors
(Wrzesinski et al., 2021). Spheroid pooling is commonly used in the literature to
obtain enough cellular material for western blotting, imaging or invasion assays
(Berens et al., 2015; Maritan et al., 2017; Madsen et al., 2025), however many
studies do not report the number of spheroids pooled for each application
(Klingelhutz et al., 2018; Shen et al., 2021; loannidou et al., 2022), making it

challenging to reproduce previously published methods.

For lower throughput studies, introducing macrophages or endothelial cells into
the spheroid model would increase its complexity and likely better recapitulate
a metabolic disease phenotype. SGBS cells have previously been used in co-

culture studies with macrophages, however there are significant limitations to
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the practicality of this system, including the inhibition of adipocyte
differentiation and induction of adipocyte apoptosis (Keuper et al., 2011b,
2011a). Thus, this experiment must be carefully optimised with appropriate
controls to ensure relevant conclusions are drawn. In parallel to this work, our
lab group has also generated adipocyte spheroids from 3T3-L1 cells in both their
native form and expressing genetically encoded biosensors (Vita et al.,
unpublished). Considering the previously discussed differences in the behaviour
of these cell lines, a direct comparison of 3T3-L1 and SGBS spheroids with

primary adipose tissue would be hugely beneficial in validating these models.

Of course, the purpose of any model system is to address a specific research
question. The use of this SGBS adipocyte spheroid model to better understand
the role of metabolite-sensing GPCRs in metabolic disease will be described in
Chapter 5.
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5 Investigating the role of metabolite-sensing
GPCRs in metabolic disease using adipocyte
spheroids
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5.1 Introduction

Metabolic disorders including obesity, T2D and MASLD are characterised by low-
level chronic inflammation of metabolic tissues, leading to disruption in energy
homeostasis through development of insulin resistance (IR) and subsequent
complications driven by the resulting hyperglycaemia (Olefsky and Glass, 2010;
World Health Organisation, 2021; Institute for Health Metrics and Evaluation,
2024). The relationship between metabolic disorders and adipose tissue
inflammation has been reviewed extensively in the literature and discussed
elsewhere in this thesis (de Luca and Olefsky, 2008; Olefsky and Glass, 2010;
Artemniak-Wojtowicz et al., 2020), and largely stems from the discovery that
macrophage infiltration of adipose tissue is elevated in metabolic disease and
subsequent release of pro-inflammatory cytokines can drive development of IR
(Weisberg et al., 2003; Harman-Boehm et al., 2007; Gasmi et al., 2020).
However, despite significant effort in this field, much of the mechanistic detail

of these metabolic-immune interactions remain unknown.

Recently, a group of metabolite-sensing GPCRs (m-GPCRs) have emerged whose
endogenous ligands are metabolic intermediates obtained from nutrients, the
gut microbiota or released by endocrine and metabolic tissues (Husted et al.,
2017). Critically, several of these metabolite molecules are released by
adipocytes, and are therefore thought to facilitate communication to infiltrating
macrophages in the context of metabolic disease through m-GPCR signalling
pathways (Duncan et al., 2023). Three m-GPCRs are of particular interest to this
project - the FFA4 long chain fatty acid receptor, the SUCNR1 succinate receptor
and the HCA; hydroxycarboxylic acid receptor - as these receptors are expressed
in both adipocytes and macrophages, and their respective ligands have the

potential to act in autocrine or paracrine signalling loops in adipose tissue.

The free fatty acid receptor family (FFA1-4) respond to either long chain fatty
acids derived from dietary fats or by de novo synthesis in the liver (FFA1 and
FFA4), or short chain fatty acids primarily derived through fermentation of
dietary fibre by the gut microbiota (FFA2 and FFA3) (Milligan et al., 2017b).
FFA2 and FFA4 are both highly expressed in adipocytes, where they have both
been shown to negatively regulate B-adrenoceptor-stimulated lipolysis through a

Gi-coupled mechanism (Brown et al., 2003; Satapati et al., 2017; Husted et al.,
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2020; Alshammari et al., 2025). Additionally, FFA4 has been shown to enhance

adipogenesis in in vitro and in vivo systems (Gotoh et al., 2007; Song et al.,
2016; Alshammari et al., 2025), and dysfunction of this receptor can lead to
obesity in both murine and human contexts (Ichimura et al., 2012). Unlike FFA2,
FFA4 is also highly expressed in macrophages, where its activation has been
shown to attenuate the pro-inflammatory response and reduce macrophage
chemotaxis and infiltration to adipose tissue (Oh et al., 2010, 2014). FFA4 has
therefore been proposed to be part of autocrine, paracrine, or more recently,
intracrine (O’Brien et al., 2025) signalling loops to regulate key adipose tissue
functions (Husted et al., 2020; Duncan et al., 2023).

The succinate receptor, SUCNRT1, is also expressed in adipocytes and is activated
by the metabolic intermediate of the citric acid cycle (He et al., 2004; Regard et
al., 2008). Although succinate is typically localised within the mitochondria,
during periods of hypoxia, such as those associated with metabolic disorders
(Engin, 2017; Mirabelli et al., 2024), the activity of the enzyme succinate
dehydrogenase can reverse, leading to a build-up of succinate within the
mitochondria which is subsequently transported out of cells where it is able to
activate SUCNR1 on the plasma membrane (Ariza et al., 2012; de Castro Fonseca
et al., 2016). SUCNR1~- mice have been shown to have abnormal metabolic
phenotypes when on a high fat diet (McCreath et al., 2015; Keiran et al., 2019)
and SUCNR1 has been shown to inhibit lipolysis in in vitro and in vivo studies
(Regard et al., 2008; McCreath et al., 2015), suggesting succinate may be

another key regulator of adipose tissue in the context of metabolic disease.

The hydroxycarboxylic acid family of receptors are also highly expressed in
adipocytes, where they can be activated by lactate (HCA1), B-hydroxybutyrate
(BHB) (HCA;) and 3-hydroxyoctanoate (HCA;3) to also negatively regulate B-
adrenoceptor-stimulated lipolysis through a Gi-coupled mechanism (Tunaru et
al., 2003; Taggart et al., 2005; Husted et al., 2017). HCA; and HCA;3 are also
expressed in macrophages, however as the gene for HCA; is only present in
hominids with no equivalent in rodent species (Peters et al., 2019), studies have
focused on the HCA; receptor. BHB is produced in the liver through oxidation of
fatty acids released by adipocytes during fasting (Newman and Verdin, 2017),
and both BHB and niacin, another potent agonist of HCA;, demonstrate anti-

lipolytic effects (Offermanns and Schwaninger, 2015). In fact, niacin has
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previously been used therapeutically to control dyslipidaemia (Boden et al.,
2014). In macrophages, HCA; is thought to play an immunomodulatory role
through supressing pro-inflammatory cytokine and chemoattractant chemokine
production, thus suggesting a further role for HCA; in mediating metabolic-

immune communication (Shi et al., 2017; Mandrika et al., 2018).

Taken together, it is clear that FFA4, SUCNR1 and HCA; play critical roles in the
regulation of energy homeostasis in adipocytes, particularly through inhibition of
lipolysis, and their respective ligands may act as autocrine and paracrine
signalling molecules between adipocytes and infiltrating macrophages.
Confirming these proposed signalling mechanisms in a physiologically relevant
system is vital to understanding the role of m-GPCRs in the development, and

ultimately treatment, of metabolic disorders.

In this chapter, | aimed to use the genetically encoded biosensors and SGBS
adipocyte spheroids developed earlier in this thesis to investigate the role of
m-GPCRs in metabolic disorders. First, the expression of key m-GPCRs was
confirmed in adipocyte spheroids, and specific ligands were used in
differentiation and lipolysis assays to assess the role of m-GPCRs in adipogenesis
and adipocyte function. Next, the cytokine Tumor Necrosis Factor (TNF) was
added to SGBS spheroids to investigate the effect of a pro-inflammatory
microenvironment in spheroid differentiation and functional assays. Finally, a
range of transfection approaches were tested with the aim of incorporating
genetically encoded biosensors into adipocytes to directly measure the

activation and signalling of m-GPCRs in SGBS spheroids.
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5.2 Metabolite-sensing GPCRs are upregulated during
SGBS spheroid differentiation

First, it was important to establish whether m-GPCRs were expressed in SGBS
adipocyte spheroids. RNA was extracted from undifferentiated (day 0) and
differentiated (day 14) spheroids and RT-gPCR was used to measure expression
of receptors for free fatty acids (Figure 5.1A), hydroxycarboxylic acids (Figure
5.1B) and succinate (Figure 5.1C). As before, Cr values were analysed using the
22T method to show expression fold change relative to the undifferentiated
sample, with raw Ct values used to compare the relative expression levels of

genes (Table 5.1).

The expression of all m-GPCR genes measured was significantly upregulated
during differentiation, with the largest fold increases observed for the short
chain fatty acid receptors FFA2 and FFA3, and the hydroxycarboxylic acid
receptor family, particularly HCA; (Figure 5.1).

Although all genes were upregulated, they are not all expressed at the same
levels, as determined by raw Cr values in the undifferentiated or differentiated
samples (Table 5.1). In the undifferentiated samples, the Ct values would
suggest that FFA4 and SUCNR1 are the most highly expressed, with Ct values of
24.8 and 28.7 respectively, while all other genes tested show low expression
levels with Ct values >30. In differentiated samples, raw Cr values suggest that
FFA4, HCA1 and HCA; are the most highly expressed with Ct values <26, followed
by FFA2, FFA3, HCAz and SUCNR1 with Ct values in the range of 28-30. Notably,
expression levels of the long chain fatty acid receptor FFA1 remain very low in

the differentiated samples with a Ct value of 34.9.
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Figure 5.1 - m-GPCR gene expression is upregulated during differentiation of SGBS
spheroids. Gene expression analysis of free fatty acid (A), hydroxycarboxylic acid (B) and
succinate (C) receptors in SGBS spheroids before and after differentiation, determined by RT-
gPCR. Cr values were analysed using the 22T method to show expression fold change relative to
RNA isolated from day O cells, using primers for Sp1 as housekeeping control. Data is presented
as mean + SEM from N=2-4 independent experiments with n=2 technical replicates. Statistical
comparisons were made using an unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.



Table 5.1 - Raw Ct values from qPCR experiments showing relative expression levels of
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genes. Heat map indicates magnitude of values where green indicates high expression and red
indicates low expression. Presented as mean + SEM of N=2-4 independent experiments with n=2

technical replicates.

Mean Cr + SEM
Gene
Day O Day 14
FFA1 35.14 £ 0.53 34.86 + 0.23
FFA2 32.45 + 0.52 30.92 + 0.39
FFA3 32.68 + 0.51 29.13 £ 0.43
FFA4 24.8 + 0.11 23.52 + 0.06
HCA; 31.03 £+ 0.6 25.58 + 0.29
HCA; 30.84 + 0.11 23.47 £ 0.11
HCA;3 32.82 + 0.39 28.03 £ 0.43
SUCNR1 28.73 + 0.28 27.97 +0.22

High Expression

Low CT

Low Expression
High CT

23

30

37

It has therefore been confirmed that the key m-GPCRs of interest - FFA4, HCA;

and SUCNR1 alongside other members of their respective families - are indeed

expressed in SGBS adipocyte spheroids, thus validating this as a model system

for studying these receptors.
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5.3 Metabolite-sensing GPCRs play a role in
adipogenesis of SGBS cells and spheroids

Next, | set out to investigate any potential involvement of m-GPCRs in
adipogenesis by incorporating specific pharmacological tool compounds for
m-GPCRs to the SGBS differentiation cocktail throughout the differentiation

process.

5.3.1 Inverse agonism of FFA4 reduces adipogenesis of SGBS
cells in 2D

Genetic knockdown of FFA4 in adipocytes has previously been shown to inhibit
adipogenesis (Gotoh et al., 2007; Song et al., 2016), and recent work in our lab
group has expanded this finding by using an inverse agonist for FFA4, AH7614
(Sparks et al., 2014), to inhibit adipogenesis in 3T3-L1 adipocytes (Alshammari et
al., 2025). | first wished to confirm this finding in the human-derived SGBS
adipocytes (Figure 5.2).

SGBS cells were seeded on collagen-coated plates and cultured for 14 days in
normal growth medium (undifferentiated) or differentiation cocktail containing
10 uM AH7614 or 0.1% DMSO vehicle control. Cells were fixed and stained with
Oil Red O (ORO) for imaging (Figure 5.2A) and quantification (Figure 5.2B). A
significant increase in lipid droplet accumulation was observed between
undifferentiated and vehicle samples (****p < 0.0001), which was then
significantly reduced to approximately 65% of control with addition of AH7614
(**p < 0.01).

RNA was also isolated from SGBS cells differentiated in the presence of AH7614
and used to measure changes in gene expression of adipogenic markers (Figure
5.2C). As expected, expression of adiponectin, PPARG and GLUT4 is significantly
upregulated following differentiation, however only GLUT4 expression appeared
to decrease following AH7614 treatment, although this was not statistically
significant. In this experiment, FFA4 expression did not appear to increase
following differentiation with vehicle treatment, however this is likely due to an
already high expression level in undifferentiated cells with a mean Cr value of

17.94 + 0.23 in this experiment.
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Figure 5.2 — Adipogenesis of SGBS cells in 2D is reduced by inverse agonism of FFA4. A)
Representative brightfield images of Oil Red O (ORO) stained SGBS cells which were
undifferentiated or differentiated in the presence of 0.1% DMSO (vehicle) or 10 uM AH7614. Scale
bar = 100 uM. B) Quantification of ORO staining from (A). ORO absorbance was corrected for cell
number and expressed as a percentage of vehicle treatment. Data presented as mean + SEM from
N=3 independent experiments with n=3 technical replicates. C) Gene expression analysis of
adipogenic markers and FFA4 following SGBS cell differentiation in the presence of vehicle or

10 uM AH7614, determined by RT-gPCR. Cr values were analysed using the 22T method to
show expression fold change relative to RNA isolated from undiff cells, using primers for Sp1 as
housekeeping control. Data is presented as mean + SEM from N=3 independent experiments with
n=4 technical replicates. Throughout, statistical comparisons were made using lognormal one-way
ANOVA with Tukey’s multiple comparisons test. *p < 0.05, ****p < 0.0001.

Overall, these data show that inverse agonism of FFA4 significantly reduces lipid

accumulation during adipogenesis of SGBS adipocytes, but has only a limited

effect on gene expression.

5.3.2 m-GPCR activation affects adipogenesis in SGBS spheroids

To further develop this finding, a similar experiment was carried out where
agonists of m-GPCRs (or FFA4 inverse agonist AH7614) were added to the
differentiation cocktail of SGBS spheroids throughout differentiation. After 14
days, spheroids were fixed and lipid accumulation measured through staining
and quantification of Oil Red O (Figure 5.3).

In this experiment, modulation of m-GPCR activity was shown to significantly
affect lipid accumulation of SGBS spheroids (one-way ANOVA, **p = 0.0028).

However, due to the technical challenges with this protocol resulting in low
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absorbance measurements obtained (discussed in Chapter 4), no individual
treatments were found to be significantly different from vehicle (Sidak's multiple
comparisons test, p > 0.05). Nevertheless, some general trends were observed.
To investigate FFA4, 10 pM agonist TUG-891 or 10 pM inverse agonist AH7614
were used. TUG-891 appeared to reduce lipid accumulation by ~50% compared
to vehicle whereas no change was observed with AH7614. Conversely, addition of
10 uM niacin or 1 mM succinate, agonists for the HCA; and SUCNR1 receptors
respectively, appeared to increase lipid accumulation during differentiation by

~50% compared to vehicle.
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Figure 5.3 - m-GPCR activation affects adipogenesis of SGBS spheroids. Quantification of
ORO staining from SGBS spheroids differentiated in the presence of the indicated compound or
vehicle control. Data presented as mean + SEM from N=2 independent experiments with n=1-2
technical replicates.

These data therefore suggest that m-GPCRs play a role in modulating
adipogenesis in SGBS spheroids, however the specific mechanistic details remain

to be determined.
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5.4 m-GPCR activation inhibits lipolysis in SGBS
adipocyte spheroids

FFA4, HCA; and SUCNR1 have well established anti-lipolytic effects in adipocytes
primarily through Gi-mediated signalling pathways (Tunaru et al., 2003;
McCreath et al., 2015; Satapati et al., 2017). | therefore wished to determine
whether these findings are consistent in SGBS adipocyte spheroids by
incorporating agonists for these receptors in the previously established spheroid
lipolysis assay (Chapter 4). However, some initial optimisation was first required

to facilitate use of these ligands in the assay (Figure 5.4).

Lipolysis assays require addition of bovine serum albumin (BSA) in the assay
buffer in order to accept the release of fatty acids from the cells and prevent
their immediate reuptake (Viswanadha and Londos, 2006; Bridge-Comer and
Reilly, 2023). This was confirmed in a spheroid lipolysis assay, demonstrating
that the fold increase in glycerol released following stimulation with 10 uM
forskolin is increased in a concentration dependent manner with increasing
concentrations of BSA included in the buffer (Figure 5.4A). This increase was
significant for 0.5% (*p = 0.16) and 1% (***p = 0.0004) BSA compared to 0% BSA,
and between 0.1% and 1% BSA (*p = 0.017).

FFA4 is a receptor for long chain fatty acids, and as a result, orthosteric agonists
for this receptor typically have similar physical and chemical properties to fatty
acids, including a negatively charged acid group combined with an extended
hydrophobic structure, which often results in high plasma protein binding (Sparks
et al., 2014; Milligan et al., 2017a; Carullo et al., 2021). When BSA is added to
buffers alongside FFA4 agonists, the agonists bind to the BSA, resulting in a much
lower free compound concentration available to act on the receptor (Spector,
1975; Hirasawa et al., 2005; Oliveira et al., 2015). This was confirmed in an
arrestin recruitment assay where addition of BSA significantly reduced the
potency of TUG-891 in a concentration-dependent manner, from a pECso of 6.41
+ 0.07 in the absence of BSA to a pECso of 5.20 + 0.18 with 0.1% BSA

(**p = 0.007), 4.82 + 0.26 with 0.5% BSA (**p = 0.001), and 4.47 + 0.18 with 1%
BSA (***p = 0.0004) (Figure 5.4B).
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Figure 5.4 - BSA is required in the assay buffer for lipolysis but reduces the potency of
TUG-891 at FFA4. A) SGBS spheroids were assessed for response to 10 uM forskolin in Glycerol-
Glo lipolysis assay with different concentrations of Bovine Serum Albumin (BSA) included in assay
buffer. Glycerol was quantified in spheroid supernatant at basal state and following 3-hour
treatment with 10 uM forskolin or vehicle control. Measurements were first expressed as a fold
change relative to basal sample, then as fold change of forskolin response over vehicle. Data
presented as mean + SEM from N=2 independent experiments with n=3 technical replicates.
Statistical comparisons were made using one-way ANOVA with Tukey’s multiple comparisons test.
*p < 0.05, ***p < 0.001. B) NBA bystander assay in HEK293-T cells measuring arrestin recruitment
to FFA4 following activation with TUG-891, with different concentrations of BSA included in assay
buffer. Data presented as mean + SEM from N=3 independent experiments with n=3 technical
replicates.

It is critical therefore to identify a BSA concentration which will enable lipolysis
to be measured while allowing enough free TUG-891 concentration to act on
FFA4. A BSA concentration of 0.5% and a TUG-891 concentration of 30 uM were

selected for future lipolysis assays.

As the m-GPCRs under investigation are known to inhibit lipolysis, next an
appropriate lipolysis stimulation condition needed to be identified. To do this,
an isoprenaline concentration response curve was generated in the spheroid
lipolysis assay (Figure 5.5A). In these experiments, a pECso of 9.48 + 0.26 was
obtained for isoprenaline. A submaximal (~ECso) concentration of 3 nM

isoprenaline was selected for m-GPCR studies.

Finally, the lipolysis assay was completed where spheroids were simultaneously
treated with 3 nM isoprenaline and agonists for FFA4, HCA; and SUCNR1
receptors (Figure 5.5B). Activation of FFA4 using 30 uM TUG-891 agonist
appeared to reduce lipolysis to around 75% of isoprenaline control, although this
was not significant. Treating with 10 uM inverse agonist AH7614 trended towards

a very slight increase in lipolysis. Activation of HCA2 and SUCNR1 receptors both
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significantly inhibited isoprenaline-stimulated lipolysis, with 10 uM niacin
reducing glycerol release to ~45% of control, and 1 mM succinate almost

completely returning lipolysis to basal conditions.
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Figure 5.5 - m-GPCR activity affects lipolysis in SGBS spheroids. A) Concentration response
curve of isoprenaline measured in Glycerol-Glo lipolysis assay. Spheroids were pooled and
glycerol in supernatant quantified at basal state and following 3-hour treatment with the indicated
concentration of isoprenaline. Measurements were first expressed as a fold change relative to
basal sample, then as fold change over vehicle. Data presented as mean + SEM from n=8
spheroid pools across N=3 independent experiments. B) Effect of m-GPCR specific compounds in
Glycerol-Glo lipolysis assay. Spheroids were pooled and glycerol in supernatant quantified at basal
state and following 3-hour treatment with an EC80 concentration of isoprenaline (3 nM) and the
indicated m-GPCR compound. Measurements were first expressed as a fold change relative to
basal sample, then as a % of isoprenaline response. Data presented as mean + SEM from n=9-12
spheroid pools across N=3-4 independent experiments. Statistical comparisons were made using
one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, ***p < 0.001.

These experiments therefore confirm that activation of the m-GPCRs FFA4, HCA;
and SUCNR1 can inhibit lipolysis in SGBS adipocyte spheroids, showing this model
system can be used to determine the functional consequences of m-GPCR

signalling. This highlights the potential for complex in vitro systems to help

deepen our mechanistic understanding of biological pathways.
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5.5 Addition of TNF to SGBS spheroids mimics a pro-
inflammatory microenvironment for investigation of
metabolic disease

A key motivation for studying m-GPCRs in adipocytes is to better understand the
interaction between adipocytes and infiltrating macrophages in the low-level
chronic adipose tissue inflammation observed in metabolic diseases. | therefore
wished to investigate how a pro-inflammatory microenvironment may affect the
phenotype of SGBS adipocyte spheroids. Addition of the pro-inflammatory
cytokine Tumor Necrosis Factor (TNF) is a common technique in the literature to
investigate inflammation-driven insulin resistance in adipocytes using simple in
vitro cell models including SGBS and 3T3-L1 cells (Stephens et al., 1997; Ruan et
al., 2002; Massaro et al., 2016; Quarta et al., 2021) and was chosen as a starting

point for this work.

SGBS spheroids were generated and differentiated following the standard 14-day
protocol with 10 ng/mL recombinant human TNF added to the differentiation
cocktail, either for 24 hours on the final day of differentiation (i.e. added on day
13 of differentiation) or added throughout differentiation (i.e. for the full 14
days) to mimic acute and chronic inflammation respectively. This concentration
of TNF was selected for consistency with other reported studies in SGBS cells
(Massaro et al., 2016; Quarta et al., 2021). After 14 days, spheroids were
analysed using imaging, gene expression, and functional assay approaches to
determine whether a pro-inflammatory microenvironment alters the phenotype

of adipocyte spheroids.

To establish if the 10 ng/mL TNF treatment had any cytotoxic effect, spheroids
were imaged and viability quantified using the CellTitre-Glo 3D reagent (Figure
5.6). Phase contrast microscopy images suggested that addition of TNF affects
spheroid morphology, with TNF treatment appearing to reduce the number of
adipocytes migrating from the spheroid, and an uneven spheroid surface was
observed following 14-day treatment (Figure 5.6A). Despite a slight downward
trend, TNF treatment did not significantly reduce the viability of SGBS adipocyte
spheroids in the CellTitre-Glo assay (one-way ANOVA, p = 0.22) (Figure 5.6B).
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Figure 5.6 - Addition of TNF affects SGBS spheroid morphology but not viability. A)
Representative phase contrast images of differentiated SGBS spheroids following treatment with
10 ng/mL Tumor Necrosis Factor (TNF) for the final 24 hours or full 14 days during differentiation.
Scale bar = 100 um. B) CellTitre-Glo viability assay of TNF-treated SGBS spheroids.
Measurements were expressed as a fold change relative to untreated condition and are presented
as individual replicates with mean + SEM indicated from n=11-12 spheroid pools across N=3
independent experiments. Statistical comparisons were made using one-way ANOVA with Tukey’s
multiple comparisons test.

Next, RNA was isolated from SGBS spheroids following TNF treatment, and gene
expression of adipogenic and inflammatory markers was determined by RT-qPCR
(Figure 5.7). No significant differences in the expression of FABP4 transcript
were measured following either 24h or 14-day TNF treatment (Figure 5.7A). The
expression of the adipokine adiponectin is not affected by 24h treatment of TNF,
but is significantly downregulated to ~40% of the control level after chronic TNF
treatment (Figure 5.7B). The insulin-sensitive glucose transporter GLUT4 is
significantly downregulated compared to control after both acute 24h and
chronic 14-day TNF treatments, reducing to ~75% and ~40% of control levels
respectively (Figure 5.7C). Together these data suggest that while TNF
treatment may not significantly affect differentiation of adipocyte spheroids,
the reduction in adiponectin and GLUT4 expression suggest that TNF treatment
may impair metabolic function through reduced adipokine signalling and glucose

uptake.

The expression of the pro-inflammatory cytokine interleukin-1 beta (IL-18) was
slightly elevated following TNF addition to ~1.5 fold control levels, although this
was not significant (Figure 5.7D). The chemokine C-C motif ligand 2 (CCL2), also
known as monocyte chemoattractant protein 1 (MCP1), is significantly

upregulated by ~7-fold following acute and chronic TNF treatment (Figure
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5.7E). Thus, addition of TNF appears to stimulate upregulation of pro-

inflammatory markers in adipocyte spheroids.

Interestingly, expression of FFA4 receptor transcript was significantly
upregulated by ~50% following 24h TNF treatment. However, chronic TNF
treatment showed a non-significant decrease of ~30% expression compared to
untreated control (Figure 5.7F). This finding may suggest that FFA4 could play
differential roles in acute vs. chronic inflammation of adipose tissue and

warrants further investigation.

It can therefore be concluded that a pro-inflammatory microenvironment affects
the gene expression of adipogenic and inflammatory markers in SGBS adipocyte
spheroids, with the specific magnitude and direction of these effects dependent

on the specific gene and length of TNF treatment.
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Figure 5.7 - Addition of TNF affects gene expression of adipogenic and inflammatory
markers in SGBS spheroids. Gene expression analysis of adipogenic (A-C) and inflammatory (D-
E) markers and FFA4 (F) in differentiated SGBS spheroids following treatment with 10 ng/mL TNF
for 24 hours or 14 days, determined by RT-gPCR. Cr values were analysed using the 2-24CT
method to show expression fold change relative to RNA isolated from untreated spheroids using
primers for Sp1 as housekeeping control. Data presented as mean + SEM from n=6 spheroid pools
from N=3 independent experiments. Statistical comparisons were made using one-way ANOVA
with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Finally, to determine whether the gene expression changes observed following

TNF treatment translate into functional effects, TNF-treated spheroids were
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assessed for insulin response in the previously developed glucose uptake assay
(Figure 5.8).

In untreated spheroids, a clear concentration-dependent insulin response is
observed, with 1 pM and 100 nM insulin concentrations resulting in significant
increases in glucose uptake over vehicle. Similar concentration-dependent
trends are observed for both 24h and 14-day TNF treatments, where these
responses are dampened when compared to untreated control. This attenuation
is more pronounced for the acute TNF treatment where no significant increase in
glucose uptake is measured above vehicle control at any insulin concentration
tested. A significant decrease in glucose uptake compared to the non-TNF-
treated control is measured following treatment with 1 pM insulin (*p = 0.037).
Chronic TNF treatment also shows a reduced level of glucose uptake compared
to the non-TNF-treated control observed at 1 pM insulin, although this is not
significant (p = 0.16). At lower insulin concentrations, glucose uptake is

comparable between untreated and chronic TNF treated samples.
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Figure 5.8 - Addition of TNF reduces insulin-stimulated glucose uptake in SGBS spheroids.
Glucose uptake of differentiated SGBS spheroids following treatment with 10 ng/mL TNF for 24
hours or 14 days during differentiation in response to the indicated concentration of insulin.
Glucose uptake was quantified using Glucose Uptake-Glo kit and raw luminescence values
expressed as a fold change of the respective vehicle. Data presented as mean + SEM from n=5-10
spheroid pools across N=3-4 independent experiments. Statistical comparisons were made using
two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05 (comparison as indicated),

#p < 0.01, ###p < 0.0001 (comparison to respective vehicle).

Taken together, these data show that introduction of a pro-inflammatory

microenvironment through addition of TNF affects gene expression and glucose
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uptake of SGBS adipocyte spheroids and suggests a transition towards a more
insulin-resistant phenotype. This therefore indicates the potential for this
spheroid platform to be used in deeper mechanistic studies of metabolism and

inflammation in metabolic disorders.
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5.6 Optimising transfection methods to express
biosensors in spheroids

The data presented thus far in this chapter has indicated that m-GPCRs play a
role in the regulation of energy homeostasis in adipocytes through modulation of
adipogenesis and inhibition of lipolysis. Furthermore, FFA4 is upregulated in a
pro-inflammatory spheroid microenvironment and therefore may support the
hypothesis that FFA4 is a key mediator of communication between metabolic
and inflammatory cells in metabolic disease. However, these conclusions are
based on the use of pharmacological tool compounds for these receptors in
functional assays and not direct readouts of GPCR signalling. Therefore, | wished
to express the genetically encoded biosensors generated in Chapter 3 in the
SGBS adipocyte spheroids to allow a more direct measurement of GPCR
signalling. However, adipocytes and preadipocytes are known to be particularly
challenging to transfect (Dugail, 2001; Park et al., 2015; Romanelli and
Macdougald, 2020), and therefore several transfection methods were

investigated to incorporate genetic material into SGBS cells.

5.6.1 A single plasmid NBA biosensor shows a reduced assay
window compared to two-component sensor

Firstly, | hypothesised that transfection of fewer plasmids would improve the
transfection efficiency of SGBS cells. The NBA biosensor requires co-transfection
of two plasmids expressing Lyn11-LgBiT and SmBiT-Arr, however if transfection
efficiency is low, there is no guarantee that both plasmids required for the assay
are successfully transfected into the same cell. Thus, a single plasmid was
designed which separated the Lyn11-LgBiT and SmBiT-Arr components using a
self-cleaving 2A peptide sequence from porcine teschovirus-1 (P2A), allowing
transcription of a single mRNA strand but translation of two individual proteins
(Szymczak et al., 2004; Liu et al., 2017; Zhu et al., 2023). This new construct,
termed the ‘NBA Plasmid’, was transfected into HEK293-T cells with FFA4 or
pcDNA control to validate its function and compare performance to the original

two-component biosensor (Figure 5.9).

Firstly, it was noticed that the baseline luminescence signal of the NBA plasmid

biosensor was approximately 6-fold higher than the two-component biosensor
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(*p < 0.05) when 10 ng/well total biosensor DNA was transfected (Figure 5.9A).
As a result, following addition of 10 pM TUG-891, the single plasmid biosensor
resulted in a significantly reduced peak signal increase of 0.7 - 1.0 fold
compared to a peak fold increase of 6.1 with the original two-component
biosensor (****p < 0.0001). There was no significant difference in the peak
response between the 10 ng and 30 ng amounts of NBA plasmid transfected

(p = 0.98) (Figure 5.9B-C). It is not possible to know from these data whether
the baseline signal is higher due to greater transfection efficiency than the two-
component biosensor, or whether there is an increased baseline signal caused by
incomplete cleavage of the P2A sequence. Transfecting lower amounts of the
NBA plasmid than tested here may help to reduce the baseline response and
therefore improve the assay window. However, the NBA plasmid biosensor is still
able to measure arrestin recruitment to the FFA4 receptor in HEK293-T cells at
both amounts of transfected plasmid tested, with a significant peak response
over vehicle (****p < 0.0001), albeit with a lower signal window than its two-
component counterpart. Co-transfection of FFA4 is required to measure this
response in HEK293-T cells but may not be required in differentiated SGBS cells

which endogenously express the FFA4 receptor.

A Baseline B C

k%

% ns Two-Component Biosensor Single Plasmid Biosensor

150000

©
1

-

CJ
1

o
1
-
o
1

100000 -

S
1

N
1

50000 -

Luminescence (RLU)

Arrestin Recruitment
(Net Fold Luminescence)
o
3,

1

Arrestin Recruitment
(Net Fold Luminescence)

. R S T L
0- 2 T T T T -0.5 T T T T
> ™ S 0 5 10 15 20 0 5 10 15 20
\diAAS
x & xQQ ;3{( Time (mins) Time (mins)
& &F&F
Qo& (9\‘ &\‘ & Lyn11-LgBiT/SmBIT-Arr +FFA4 -o- 10ngNBA+FFA4 -+ 30 ng NBA +FFA4
oo@ NN ~* Lyn11-LgBiT/SmBIT-Arr -FFA4 -a~ 10ngNBA-FFA4  — 30 ng NBA-FFA4

Figure 5.9 - Single plasmid NBA biosensor reduces assay window compared to two-
component biosensor. 5 ng/well of each plasmid in two-component NBA biosensor (Lyn11-
LgBiT/SmBIiT-Arr) or the indicated amount of single NBA plasmid biosensor were transfected into
HEK-293T cells with 30 ng/well FFA4 plasmid (+FFA4) or pcDNA control (-FFA4). A) Baseline
luminescence measurements from biosensor combinations +FFA4 are given as raw luminescence
values from the final measurement before compound addition and are presented as mean + SEM
from N=2 independent experiments with n=8 technical replicates. Statistical comparisons were
made using one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01. B-C)
Kinetic measurements of luminescent signal recorded when two-component (B) or single plasmid
(C) biosensors are activated by 10 yM TUG-891 at 3 minutes (indicated by the dotted line). Raw
luminescence values were divided by baseline signal (average of 5 measurements before
compound addition) and vehicle response subtracted. Data presented as mean + SEM from N=2
independent experiments with n=3-4 technical replicates.
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Therefore, while the two-component biosensor shows a higher assay window
than the single plasmid version, a significant increase in arrestin recruitment is
recorded using both biosensor designs following TUG-891 treatment. The single
plasmid biosensor may therefore be a useful tool for transfection optimisation of
SGBS cells.

5.6.2 Chemical transfection methods do not allow measurement
of arrestin recruitment in SGBS cells

Several methods exist to introduce genetic material into mammalian cell types.
Chemical-based transfection methods are perhaps the most commonly used, as
reagents are commercially available and do not require any specialist equipment
or viral vectors (Kim and Eberwine, 2010). In these methods, negatively charged
DNA or RNA molecules bind to cationic polymers or lipids to facilitate their
uptake into cells (Kim and Eberwine, 2010). Cationic polymers such as
polyethylenimine (PEI) are internalised into cells through endocytosis, where the
genetic material is released and transcription can occur (Chesnoy and Huang,
2000). Conversely, cationic lipid reagents such as Lipofectamine 3000 (L3000)
(ThermoFisher) can fuse directly with the cell membrane before endocytosis and
deliver nucleic acid cargo to the cytoplasm (Dalby et al., 2004; Cardarelli et al.,
2016).

Adipocytes are a notoriously challenging cell type to transfect using standard
methods (Dugail, 2001; Romanelli and Macdougald, 2020), and although some
reports indicate success with introducing genetic material into SGBS cells using
lipofectamine-based approaches, these are typically limited to small cargoes
(e.g. siRNAs) which do not require translocation to the nucleus, rather than DNA
plasmids (Enlund et al., 2014; Landgraf et al., 2020). Nevertheless, as these
reagents are easily accessible, | initially investigated these methods to transfect
SGBS cells. A reporter plasmid expressing a mNeonGreen-NanoLuciferase (mNG-
NLuc) fusion protein was used for transfection optimisation as expression of this
construct would allow both visualisation using fluorescence microscopy and
sensitive measurement of luminescence following addition of NanoGlo
furimazine substrate. Additionally, messenger RNA (mRNA) transfection has
emerged as an alternative to DNA plasmids in hard-to-transfect cell lines as the

genetic material does not require entry to the nucleus for effective translation
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(Conry et al., 1995; Qin et al., 2022). Therefore, in vitro transcription of mNG-
NLuc mRNA was carried out and used to investigate whether this is a more

effective transfection method for SGBS cells.

First, transfection of undifferentiated SGBS preadipocytes with plasmid
expressing mNG-NLuc or empty vector control (pcDNA) was attempted using PEI
and L3000 reagents, and mRNA transfection completed using Lipofectamine
MessengerMAX reagent (Figure 5.10). Luminescence signal was measured from
transfected cells 10 minutes after addition of NanoGlo substrate, with
transfection of mMNG-NLuc constructs showing a significant increase in
luminescent signal over pcDNA control for all methods tested (Figure 5.10A).
For the mRNA transfection, it was noted that a high level of luminescence signal
was still measured in the ‘empty’ control, potentially indicating some level of
RNA contamination, although the comparison with mNG-NLuc was still
significant. Although the luminescence measured for mNG-NLuc transfected
using L3000 was statistically higher than PEI and mRNA methods, PEI was
progressed for future work as it is the cheapest reagent and still resulted in

successful transfection.

Although these results suggest it is possible to transfect undifferentiated SGBS
cells using lipofection or PEIl, it is important to note that the transfection
efficiency of SGBS cells remains poor compared to easier to transfect cells like
HEK293-T cells. Fluorescent microscopy of cells transfected with mNG-NLuc
using PEIl showed that a very small nhumber of SGBS cells were transfected
compared to the majority of HEK293-T cells (Figure 5.10B). However, as a
measurable luminescence signal was observed, | attempted transfection of the
NBA biosensor components to measure arrestin recruitment in undifferentiated
SGBS cells.

SGBS or HEK293-T cells were co-transfected using PEI with 5 ng/well with
plasmids expressing the NBA biosensor components (Lyn11-LgBiT and SmBiT-Arr)
with 30 ng/well FFA4 plasmid (+FFA4) or pcDNA control (-FFA4) and assessed for
response to TUG-891. The baseline luminescence signal measured was ~200-fold
higher for HEK293-T cells compared to SGBS cells, again highlighting the poor
transfection efficiency in these cells (Figure 5.10C). In the arrestin recruitment

assay, no measurable response to TUG-891 was observed for SGBS cells whether
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FFA4 was transfected or not (Figure 5.10D), indicating that further optimisation
is required. In contrast, a robust response was observed when constructs were

transfected using PEl in HEK293-T cells, as previously observed in Chapter 3.
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Figure 5.10 - Chemical-based techniques demonstrate limited capacity to transfect
undifferentiated SGBS cells in 2D. A) Undifferentiated SGBS cells were transfected with
plasmids or mMRNA expressing an mNG-NLuc fusion protein or empty pcDNA control using the
indicated transfection method, and luminescence signal measured 10 mins after addition of
NanoGlo substrate. Data presented as individual replicates with mean + SEM indicated from N=2
independent experiments with n=6 technical replicates. Statistical comparisons were made using
two-way ANOVA with Tukey’s multiple comparisons test. B) Representative brightfield and green
fluorescence images of SGBS cells (top) or HEK cells (bottom) expressing mNG-NLuc following
transfection with PEI. Scale bar = 100 um. C-D) SGBS or HEK293-T cells were transfected with
5 ng/well NBA plasmids expressing Lyn11-LgBiT and SmBiT-Arr with 30 ng/well FFA4 plasmid
(+FFA4) or pcDNA control (-FFA4) and assessed for response to TUG-891. C) Baseline
luminescence measurements are given as raw luminescence values from the final measurement
before compound addition and are presented as mean + SEM from N=2 independent experiments
with n=6 technical replicates. Statistical comparisons were made using one-way ANOVA with
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Tukey’s multiple comparisons test. D) Kinetic measurements of luminescent signal recorded when
transfected SGBS or HEK293-T cells are activated by 10 uM TUG-891 at 2.67 minutes (indicated
by the dotted line). Raw luminescence values were divided by baseline signal (average of 5
measurements before compound addition) and vehicle response subtracted. Data presented as
mean + SEM from N=2 independent experiments with n=3 technical replicates. Throughout,

*p < 0.05, **p < 0.01, ****p < 0.0001.

Next, transfection of differentiated SGBS cells was investigated again using
mNG-NLuc plasmid DNA or mRNA, or pcDNA empty vector control. In addition to
the PEI and L3000 reagents tested for undifferentiated cells, additional broad-
spectrum DNA transfection reagents were obtained (TransIT-LT1, TransIT-2020
and TransIT-X2, all Mirus Bio) as reports suggested these reagents were effective
at transfecting a brown preadipocyte cell line (O’Brien et al., 2025).
Luminescence signal from transfected cells was again measured 10 minutes after
NanoGlo substrate addition (Figure 5.11A). In these experiments, only mRNA
transfection of mNG-NLuc showed a significant increase in luminescence signal
over the pcDNA control and therefore was selected for progression to the NBA

assay.

mRNA from the single-component NBA plasmid was then generated by in vitro
transcription and transfected into differentiated SGBS cells or HEK293-T cells
using Lipofectamine MessengerMAX reagent, and cells assessed for response to
TUG-891 in a NBA assay (Figure 5.11B-C). The baseline luminescence signal for
transfected HEK293-T cells was approximately 2-fold higher than SGBS
adipocytes (*p < 0.05), with no significant difference observed in the baseline
between untransfected and transfected SGBS cells (Figure 5.11B). No
measurable response to TUG-891 was observed in the arrestin recruitment assay
in SGBS cells (Figure 5.11C), demonstrating that chemical-based approaches are
not sufficient for transfection of genetically-encoded biosensors into
differentiated SGBS cells. Additionally, no response to TUG-891 was observed in
the HEK293-T cells, although this is likely because these cells were only
transfected with mRNA of the biosensor and not FFA4 receptor. As shown
throughout Chapter 3 and in Figure 5.9B, an arrestin recruitment response

cannot be measured in HEK293-T without co-transfection of exogenous receptor.
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Figure 5.11 - mRNA is transfected into differentiated SGBS cells but is not sufficient to
measure arrestin recruitment. A) Differentiated SGBS cells were transfected with plasmids or
mMRNA expressing an mNG-NLuc fusion protein or empty pcDNA control using the indicated
transfection method, and luminescence signal measured 10 mins after addition of NanoGlo
substrate. Data presented as individual replicates with mean + SEM indicated from N=2-3
independent experiments with n=3-6 technical replicates. Statistical comparisons were made using
two-way ANOVA with Tukey’s multiple comparisons test. ****p < 0.0001. B-C) SGBS or HEK293-T
cells were transfected with 100 ng/well mMRNA expressing the single component NBA biosensor
(NBA) or untransfected control (UT) and assessed for response to TUG-891. B) Baseline
luminescence measurements are given as raw luminescence values from the final measurement
before compound addition and are presented as mean + SEM from N=2 independent experiments
with n=6 technical replicates. Statistical comparisons were made using one-way ANOVA with
Tukey’s multiple comparisons test. *p < 0.05. C) Kinetic measurements of luminescent signal
recorded when transfected SGBS or HEK293-T cells are activated by 10 yM TUG-891 at 4 minutes
(indicated by the dotted line). Raw luminescence values were divided by baseline signal (average
of 5 measurements before compound addition) and vehicle response subtracted. Data presented
as mean + SEM from N=2 independent experiments with n=3 technical replicates.

Finally, some preliminary experiments were completed to investigate chemical
transfection of SGBS spheroids (Figure 5.12). Undifferentiated SGBS spheroids
were transfected again using DNA or mRNA for mNG-NLuc or empty vector
control, and luminescence signal measured 10 minutes after addition of NanoGlo

substrate. As a control, spheroids were also prepared using HEK293-T cells
seeded at 10,000 cells/well in 384-well ULA plates. Spheroids were transfected
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directly in the ULA plates and transferred to white 96-well assay plates either

individually or in pools of four spheroids for luminescence measurements.

In these experiments, transfection of SGBS spheroids appeared to be largely
unsuccessful. A significant increase in luminescence signal for mNG-NLuc
constructs above pcDNA was only measured for L3000 transfection in single
spheroids (*p = 0.048) (Figure 5.12A). In pooled spheroids, both L3000 and
mMRNA transfection appeared to show increased luminescent signal compared to
pcDNA, although this was not significant (p = 0.10 and 0.12 respectively) (Figure
5.12B). In contrast, in single spheroids generated from HEK293-T cells, the
increase over pcDNA control was significant for both L3000 and mRNA
transfections (****p < 0.0001 and **p = 0.007 respectively), with L3000 mNG-NLuc
transfection also showing a significant increase over the mNG-NLuc transfection
with PEI and mRNA (****p < 0.0001) (Figure 5.12C). Similarly, in pooled
HEK293-T spheroids, a significant increase was measured for PEl and L3000
transfection over pcDNA control, with a non-significant trend also observed for
mRNA (Figure 5.12D). Again, L3000 transfection resulted in significantly higher
luminescent signal compared to PEI and mRNA. Comparatively, transfection of
HEK spheroids with mNG-NLuc resulted in markedly higher luminescence
measurements in the region of ~10% RLU compared to SGBS spheroids with

measurements around 10* RLU (Figure 5.12C-D).
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Figure 5.12 - Lipofectamine approaches are not effective at transfecting undifferentiated
SGBS spheroids. A-B) Undifferentiated SGBS spheroids were transfected with plasmids or mMRNA
expressing an mNG-NLuc fusion protein or empty pcDNA control using the indicated transfection
method, and luminescence signal measured from individual (A) or pools of 4 (B) spheroids 10 mins
after addition of NanoGlo substrate. C-D) As (A-B) using spheroids generated with HEK293-T cells.
Data presented as individual replicates with mean + SEM indicated from N=2 independent
experiments with n=4 (single spheroids) or n=2 (pooled spheroids) technical replicates. Statistical
comparisons were made using two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05,
**p < 0.01, ***p < 0.0001.

Overall, it was determined that lipofection-based transfection methods are not
suitable for expression of genetically encoded biosensors and subsequent

measurement of GPCR signalling in undifferentiated or differentiated SGBS cells

and spheroids. Thus, an alternative transfection strategy was evaluated.

5.6.3 Electroporation methods allow measurement of arrestin
recruitment in 2D SGBS cells but not spheroids

Electroporation is an alternative transfection method where electrical pulses are
thought to generate transient pores in the cell membrane thus allowing delivery
of genetic material (Inoue and Krumlauf, 2001; Kim and Eberwine, 2010).
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Electroporation has been widely used to introduce DNA and RNA into adipocytes
in vitro and in vivo (Dugail, 2001; Okada et al., 2003; Granneman et al., 2004;
Granneman, 2008; Schweiger et al., 2012), and thus was investigated as a

possible transfection approach for SGBS adipocytes.

To establish an initial electroporation protocol using the Neon™ Transfection
System (Invitrogen), the pre-programmed optimisation protocol for DNA was
followed where undifferentiated SGBS cells were electroporated with mNG-NLuc
plasmid using different electroporation parameters for each well of a 24-well
plate (Table 5.2). Luminescence signal was measured following incubation with
NanoGlo substrate and the two most successful conditions with the highest
luminescence signal - wells C4 and D3 - were progressed for further optimisation
(Figure 5.13A).

Subsequently, a further round of optimisation was completed by narrowing the
pulse voltage around the most successful optimisation conditions from the initial
experiment (Table 5.3). Luminescent signal was again measured following
incubation with NanoGlo substrate and the most successful parameters - 1275V,
10 ms, 3 pulses - selected for future work (Figure 5.13B). Notably,
epifluorescence microscopy imaging indicates that electroporation appears to be
more successful than lipofection for SGBS cells, as more transfected cells are

visible within a given field of view (Figure 5.10C, Figure 5.13C).

Table 5.2 - List of electroporation conditions used for Neon Optimisation Day 1.

Well Pulse voltage (V) | Pulse width (ms) | Pulse nhumber
A1 0 0 0
A2 1400 20 1
A3 1500 20 1
A4 1600 20 1
A5 1700 20 1
A6 1100 30 1
B1 1200 30 1
B2 1300 30 1
B3 1400 30 1
B4 1000 40 1
B5 1100 40 1
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B6 1200 40 1
C1 1100 20 2
C2 1200 20 2
C3 1300 20 2
C4 1400 20 2
C5 850 30 2
Cé 950 30 2
D1 1050 30 2
D2 1150 30 2
D3 1300 10 3
D4 1400 10 3
D5 1500 10 3
D6 1600 10 3

Table 5.3 - List of electroporation parameters used for Neon Optimisation Day 2. Original
conditions identified from Day 1 are underlined.

Well Pulse voltage (V) | Pulse width (ms) | Pulse number | Plasmid
A1 1350 20 2 mNG-NLuc
A2 1375 20 2 mNG-NLuc
A3 1400 20 2 mNG-NLuc
A4 1425 20 2 mNG-NLuc
A5 1450 20 2 mNG-NLuc
A6 1400 20 2 pcDNA

B1 1250 10 3 mNG-NLuc
B2 1275 10 3 mNG-NLuc
B3 1300 10 3 mNG-NLuc
B4 1325 10 3 mNG-NLuc
B5 1350 10 3 mNG-NLuc
B6 1300 10 3 pcDNA
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Figure 5.13 - Optimisation of electroporation protocols allows transfection of
undifferentiated SGBS cells with mNG-NLuc. A) Undifferentiated SGBS cells were mixed with
plasmid DNA expressing mNG-NLuc fusion protein and electroporated using the protocol indicated
in Table 5.2. Luminescence values were measured following 10-minute incubation with NanoGlo
substrate. Circled conditions were progressed for further optimisation. B) As (A), with
electroporation protocols indicated in Table 5.3. Circled condition was selected for future work. C)
Representative brightfield and green fluorescence images of SGBS cells electroporated with mNG-
NLuc or pcDNA using 1275 V / 10 ms / 3 pulse protocol selected from (B). Scale bar = 100 pm.
Next, the optimised electroporation parameters were used to transfect a
genetically encoded biosensor with FFA4 receptor or pcDNA control into
undifferentiated SGBS cells and measure arrestin recruitment (Figure 5.14). As
the signal window for the NBA plasmid was low, an equivalent BRET-based
biosensor was used which allows bystander measurement of arrestin recruitment
from a single plasmid where Lyn11-mNeonGreen and NLuc-Arrestin are separated

by an Internal Ribosome Entry Site, termed pIRES (Marsango et al., 2022).

Undifferentiated SGBS cells were co-electroporated with 1 pg pIRES biosensor
plasmid and 1 pg FFA4 receptor plasmid or pcDNA control. Control samples were
electroporated with no DNA added or with the mNG-NLuc plasmid. Luminescence
signal was measured from transfected cells 10 mins after addition of NanoGlo
substrate (Figure 5.14A). The average luminescence signal was ~100,000 RLU for
both the pIRES + FFA4 and pIRES + pcDNA conditions, with no DNA control
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reaching 3100 RLU and mNG-NLuc showing significantly higher luminescent signal
at over 500,000 RLU (****p < 0.0001) (Figure 5.14A).

Visualisation of electroporated SGBS cells appeared to show many floating, likely
dead cells (Figure 5.13C). This observation was confirmed in a CellTitre-Glo
viability assay; electroporation with DNA constructs significantly reduced the
viability of SGBS cells compared to electroporation alone (Figure 5.14B). The
viability of pIRES + FFA4 was lower than pIRES + pcDNA, although non-significant
(p = 0.32), perhaps suggesting that the amount of transcribed DNA is more
important than the total amount of DNA transfected, and highlighting that
optimisation of DNA amount is critical in maintaining viability of electroporated

cells.

In the bystander BRET arrestin recruitment assay, activation of FFA4 using 10 upM
TUG-891 resulted in a significant increase in net fold BRET over vehicle in the

+ FFA4 condition, whereas no response was observed when FFA4 was not
transfected (Figure 5.14C-D). This indicates that it is possible to use
electroporation to transfect genetically encoded biosensors into undifferentiated
SGBS cells and measure arrestin recruitment, but the endogenous expression of
FFA4 in this cell type is not sufficient to generate a measurable response to
TUG-891.



224

A skokokok B sAokokok
skokokok Fokokok
10000000 - I 10000000
5 — z_
& 1000000 23
@ S5 -+
g o o © :3
g 100000 & & 1000000
a 3 =
g g € M
‘E 10000 E3
3 8 e
1000 - 100000 —21*
D \ed \ad g > & &
¥ N & & & N
"on x & é"\; c;"(( x &
& & € & &
T & ¢ &
Q Q
Arrestin Recruitment *Kokokok
0.10 0.15-
= & pIRES + FFA4 kokokk ns e \/ehicle
g~ -e- pIRES + pcDNA © e 10 uM TUG-891
g w 2 o,®
Sk 005 S 0.10
g § +
¢3 &
T2 Wl AR AL ahe i g sl . s .
28 L. M1 $ g o . .
§2 & o o 5
< e ® :ﬂ o
-0.05 T T T 1 0.00 T T
0 s 10 15 20 & 0\3
Time (mins) & &
& %"
& &

Figure 5.14 - Electroporation of SGBS cells allows measurement of arrestin recruitment
using a BRET-based biosensor. A) Undifferentiated SGBS cells were electroporated with
plasmids expressing a BRET-based bystander arrestin recruitment biosensor (pIRES) and FFA4
receptor or pcDNA control. Control cells were electroporated with no DNA or mNG-NLuc fusion
protein. Luminescence signal was measured 10 mins after addition of NG substrate. Data
presented as individual replicates with mean + SEM indicated from N=2 independent experiments
with n=6 technical replicates. Statistical comparisons were made using one-way ANOVA with
Tukey’s multiple comparisons test. ****p < 0.0001. B) CellTitre-Glo viability measurements of
electroporated SGBS cells. Data presented as individual replicates with mean £ SEM indicated
from N=2 independent experiments with n=4 technical replicates. Statistical comparisons were
made using one-way ANOVA with Tukey’s multiple comparisons test. ****p < 0.0001. C) Kinetic
measurements of BRET signal recorded when pIRES biosensor is activated by 10 uM TUG-891 at
2 minutes (indicated by the dotted line). BRET ratios were divided by baseline signal (average of 3
measurements before compound addition) and vehicle response subtracted. Data presented as
mean + SEM from N=2 independent experiments with n=3 technical replicates. D) Quantification of
peak response from kinetic curves shown in (C). Data presented as individual replicates with mean
+ SEM indicated from N=2 independent experiments with n=3 technical replicates. Statistical
comparisons were made using two-way ANOVA with Tukey’s multiple comparisons test.

****p < 0.0001.

Next, electroporation was used to transfect undifferentiated SGBS spheroids
(Figure 5.15). Electroporation is typically carried out using cells in suspension,
with a fixed number of cells and amount of DNA per electrical stimulation. For
spheroid electroporation, 12-18 spheroids were pooled per stimulation, and the
amount of plasmid DNA was optimised. Luminescence signal was then measured
from individual or pools of 3 transfected spheroids following incubation with
NanoGlo substrate (Figure 5.15A-B). For both individual and pooled spheroids,
1 ug mNG-NLuc plasmid resulted in a significant increase in luminescence

compared to no DNA or pcDNA control, and this was taken forward for further



225

work. Fluorescence microscopy images showed a small number of successfully
transfected cells around the periphery of the spheroids, although visualisation is
likely hindered due to the challenges of observing 3D structures using an
epifluorescence microscope (Figure 5.15C).

As with the 2D samples, spheroids were co-electroporated with 0.5 pg pIRES
biosensor plasmid and 0.5 ug FFA4 receptor or pcDNA control per 12-18
spheroids, or 1 ug pcDNA control. Luminescence signal was measured from pools
of 4 transfected spheroids 10 minutes after addition of NanoGlo substrate, with
average luminescence measurements of 3695, 7305 and 341 RLU after 10
minutes for the pIRES + FFA4, pIRES + pcDNA and pcDNA conditions respectively
(Figure 5.15D). However, despite increasing the measurement read time to 15 s
per well, no significant changes in BRET were detected following addition of

10 uM TUG-891, suggesting that transfection efficiency is still too low to
facilitate measurement of arrestin recruitment in undifferentiated SGBS

spheroids (Figure 5.15E).
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Figure 5.15 - Electroporation can transfect undifferentiated SGBS spheroids but is not
sufficient to measure arrestin recruitment. A) Undifferentiated SGBS spheroids were pooled
and electroporated with the indicated amount of plasmid expressing mNG-NLuc fusion protein or
pcDNA control. Luminescence values were measured from individual spheroids following 10-
minute incubation with NanoGlo substrate. Data presented as individual replicates with mean +
SEM indicated from n=2-4 pools of electroporated spheroids across N=1-2 independent
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experiments with n=2-4 technical replicates. Statistical comparisons were made using one-way
ANOVA with Tukey’s multiple comparisons test. *p < 0.05. B) As (A) with 3 transfected spheroids
pooled before luminescence measurement. Data presented as individual replicates with mean %
SEM indicated from n=2-4 pools of electroporated spheroids across N=1-2 independent
experiments with n=1-2 technical replicates. C) Representative green fluorescence images of
undifferentiated SGBS spheroids electroporated with mNG-NLuc or pcDNA. Scale bar = 100 um.
D) Undifferentiated SGBS spheroids were electroporated with plasmids expressing a BRET-based
bystander arrestin recruitment biosensor (pIRES) and FFA4 receptor or pcDNA control. 4
spheroids were pooled per well and luminescence signal was measured 10 mins after addition of
NanoGlo substrate. Data presented as individual replicates with mean + SEM indicated from a
single experiment with n=8 technical replicates. Statistical comparisons were made using way
ANOVA with Tukey’s multiple comparisons test. *p < 0.05. E) Endpoint BRET measurements were
made with 15 s read time per well before and after addition of 10 uM TUG-891 or vehicle control
and expressed as fold change of baseline measurement. Data presented as individual replicates
with mean + SEM indicated from a single experiment with n=4 technical replicates. Statistical
comparisons were made using two-way ANOVA with Tukey’s multiple comparisons test.

Finally, electroporation was used to transfect differentiated SGBS spheroids
(Figure 5.16). A literature search suggested adipocytes may be better
electroporated using a low voltage of 50-200 V (Dugail, 2001; Okada et al., 2003;
Granneman et al., 2004), however lowest voltage possible on the Neon device is
500 V. Therefore, an initial comparison of the preadipocyte electroporation
parameters (1275 V, 10 ms, 3 pulses) was made with two low-voltage protocols
(500 V, 2 ms, 7 pulses or 500 V, 20 ms, 1 pulse) again using the mNG-NLuc
plasmid or pcDNA control. As previously, luminescence signal was measured from
pools of 4 transfected spheroids 10 minutes after addition of NanoGlo substrate
(Figure 5.16A). It was found that the preadipocyte protocol remained effective
in differentiated SGBS spheroids, with a significant increase over pcDNA control
measured (****p < 0.0001). The lower voltage protocols appeared ineffective at
transfecting the mNG-NLuc plasmid with no significant difference between mNG-

NLuc and pcDNA control.

In an equivalent experiment to the undifferentiated condition, differentiated
spheroids were co-electroporated with 0.5 ug pIRES biosensor plasmid and 0.5 pg
FFA4 receptor or pcDNA control per 12-18 spheroids, or 1 ug pcDNA or mNG-NLuc
control. Luminescence signal was again measured from pools of 4 transfected
spheroids resulting in a trending but non-significant increase in signal for the
pIRES + FFA4, pIRES + pcDNA and mNG-NLuc conditions compared to pcDNA
(Figure 5.16B). No changes in BRET response were observed following addition
of 10 uM TUG-891 for any of the transfection conditions (Figure 5.16C).



228

A 10000000 — ns ns
_ *kkk NS NS e pcDNA
o |
1000000 .
g é o mNG-NLuc
8 100000-
[
3 ° )
@ 10000 °
£
E 1ooo-] I
|
100 L=, T
0\00 \)\90 \)\'90
Q Q Q
\? W W
9 9 o
Qé‘ & &
N \'L ‘LQ
\\\ 3 4\
QO
) o )
S ) ns
B C ns ns
ns ns ns
10000004 o 147 — - - e \Vehicle
—_ [ ] - [ ]
= c o e 10 pMTUG-891
& 100000- ° _f £ __ 1.2
- b= )
5 4 .
c i r 8 m 1.0- }
8 10000 . €5 - {» ° ®
o ° £0 ° jv;
£ e oL ¢
€ 1000 H ® — 0.8
s 1™
_I <
100 - T T T 06— T T
x vy \a \s g
v N v
& S §F S & K
o 9 S Q N o
& & $ & &
d Q\q. Q\Q' Q

Figure 5.16 - Differentiated SGBS spheroids can be electroporated, but transfection is not
sufficient to measure arrestin recruitment. A) Differentiated SGBS spheroids were pooled and
electroporated with plasmid DNA expressing mNG-NLuc fusion protein or pcDNA control using the
indicated protocol. 4 spheroids were pooled per well and luminescence signal was measured 10
mins after addition of NanoGlo substrate. Data presented as individual replicates with mean + SEM
indicated from a single experiment with n=4 technical replicates. Statistical comparisons were
made using two-way ANOVA with Tukey’s multiple comparisons test. ****p < 0.0001. B)
Differentiated SGBS spheroids were electroporated with plasmids expressing a BRET-based
bystander arrestin recruitment biosensor (pIRES) and FFA4 receptor or pcDNA control. Control
spheroids were electroporated with mNG-NLuc. 4 spheroids were pooled per well and
luminescence signal was measured 10 mins after addition of NanoGlo substrate. Data presented
as individual replicates with mean £ SEM indicated from a single experiment with n=6 technical
replicates. C) Endpoint BRET measurements were made with 15 s read time per well before and
after addition of 10 uM TUG-891 or vehicle control and expressed as fold change of baseline
measurement. Data presented as individual replicates with mean + SEM indicated from a single
experiment with n=3 technical replicates. Statistical comparisons were made using two-way
ANOVA with Tukey’s multiple comparisons test.

In conclusion, these experiments demonstrated that electroporation is more
successful than chemical-based methods for transfection of SGBS cells, and
allowed measurement of arrestin recruitment by a genetically encoded BRET
biosensor in undifferentiated 2D samples with overexpression of FFA4. Both

undifferentiated and differentiated SGBS spheroids were also able to be

successfully electroporated with expression of the mNG-NLuc control plasmid
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detected. However, the transfection efficiency was still too low to facilitate
measurement of arrestin recruitment using pooled samples in a plate reader,
and therefore further optimisation or an alternative transfection method is

necessary to continue this work.
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5.7 Discussion

In this chapter, | endeavoured to use the genetically encoded biosensors and
adipocyte spheroids developed earlier in this thesis as tools to investigate the
role of m-GPCRs in metabolic disorders. After confirming the expression of these
m-GPCRs in the SGBS spheroids, pharmacological tool compounds were used to
investigate the functional effect of FFA4, HCA; and SUCNR1 activation in
adipogenesis and lipolysis. Addition of the cytokine TNF to adipocyte spheroids
demonstrated that a pro-inflammatory microenvironment alters the gene
expression profile and insulin sensitivity of SGBS spheroids. Finally, several
transfection approaches were evaluated to express genetically encoded
biosensors in SGBS spheroids for direct measurement of GPCR signalling,

however this was not fully achieved within the constraints of this project.

RT-gPCR data demonstrated that expression of all members of the free fatty
acid and hydroxycarboxylic acid receptor families, as well as the succinate
receptor, are upregulated following differentiation of SGBS spheroids. However,
the relative expression levels of these receptors vary, as determined by raw Cr
values from qPCR experiments. FFA1 had the lowest expression level, consistent
with literature reports that this receptor has low to no expression in adipose
tissue and is instead highly expressed in pancreatic islets (Briscoe et al., 2003;
Itoh et al., 2003). The short chain fatty acid receptors FFA2 and FFA3 had a
modest expression level in this experiment. The literature around expression of
these receptors in adipose tissue is somewhat controversial (Bolognini et al.,
2016; lkeda et al., 2022). FFA2 is widely accepted to be expressed in adipocytes
(Le Poul et al., 2003; Hong et al., 2005; Ge et al., 2008) but FFA3 expression
appears to vary between cell models and species (Brown et al., 2003; Xiong et
al., 2004; Hong et al., 2005). The high expression of FFA4, HCA; and HCA; in
adipocytes is well reported and consistent with the qPCR data presented here
(Tunaru et al., 2003; Wise et al., 2003; Gotoh et al., 2007). HCA3 is also
reported to be expressed in adipose tissue but at perhaps a lower abundance
than HCA;, again demonstrating consistency with the findings presented here
(Soga et al., 2003; Wise et al., 2003). Finally, the succinate receptor is also
reported to be highly expressed in adipocytes (Regard et al., 2008; McCreath et
al., 2015), however it is not thought to be expressed in the commonly used
adipocyte cell line, 3T3-L1 (Regard et al., 2008; Sun et al., 2020). As SUCNR1
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was expressed in differentiated SGBS adipocyte spheroids, this platform may
provide an alternative and useful model for in vitro studies of the SUCNR1

receptor.

Next, pharmacological tool compounds were used to investigate the role of
m-GPCRs during adipogenesis. In 2D adipocytes, inverse agonism of FFA4 by
AH7614 appeared to inhibit lipid droplet accumulation, although only modest
changes in gene expression were observed. This is largely consistent with
comparable experiments in 3T3-L1 cells (Alshammari et al., 2025) and with
studies in the wider literature linking FFA4 genetic knockdown and
pharmacological inhibition to inhibition of adipogenesis (Gotoh et al., 2007; Song
et al., 2016; Watterson et al., 2017). Interestingly, this finding appeared to be
reversed in the spheroid experiment, where FFA4 agonism using TUG-891
appeared to reduce lipid accumulation, and AH7614 showed no effect. This may
indicate an unexpected and crucial difference between the mechanisms of
adipogenesis between 2D and 3D microenvironments. However, as discussed in
Chapter 4, the Oil Red O staining method is perhaps not the most reliable for
the quantification of differentiation in spheroid models. An alternative approach
may be to use a live-cell imaging or high-content analysis pipeline using an
instrument such as the Incucyte (Sartorius) to measure parameters such as
increased spheroid diameter observed during differentiation (Chapter 4) or
quantification of a fluorescent neutral lipid stain in a high-throughput,

automated manner, and thus allowing validation of these findings.

These data suggested that activation of the HCA; and SUCNR1 receptors resulted
in a modest enhancement of lipid accumulation in SGBS spheroids. There is very
limited literature available investigating these receptors in adipogenesis, with a
single study suggesting that addition of 50 yM niacin to differentiating 3T3-L1
cells shows no change in lipid accumulation or gene expression (Mandrika et al.,
2018). These findings may however be indicative of the well-reported anti-
lipolytic effects of these receptors preventing baseline lipolysis (Tunaru et al.,
2003; Regard et al., 2008). Unlike FFA4, where the endogenous long chain fatty
acid ligands are released directly from adipocytes and able to signal in an
autocrine and/or intracrine manner (Husted et al., 2020; O’Brien et al., 2025),
the endogenous ligands for HCA; and SUCNR1 require additional stages which

may not be modelled in this system; fatty acids require oxidation in the liver to
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form the HCA; ligand BHB (Newman and Verdin, 2017) and succinate is only
released from adipocytes during periods of metabolic stress (Ariza et al., 2012;
de Castro Fonseca et al., 2016), although the high glucose levels in cell culture
medium may also induce elevated succinate levels (Tanis et al., 2015). This
further highlights the requirement to investigate m-GPCRs and their ligands in
physiologically relevant systems to better understand their complex signalling

pathways.

In the lipolysis assay, activation of FFA4, HCA; and SUCNR1, using TUG-891,
niacin, and succinate respectively, were able to inhibit isoprenaline-stimulated
glycerol release. Both niacin and succinate significantly inhibited the measured
response, whereas TUG-891 resulted in a more modest trend. The limited FFA4
effect may be a consequence of TUG-891 binding to BSA in the buffer; a 30 uM
TUG-891 concentration in 0.5% BSA is only demonstrating around 50% efficacy in
an arrestin recruitment assay (Figure 5.4B) whereas the 10 yM niacin and 1 mM
succinate used are likely reaching maximal efficacy (Zhang et al., 2005; Regard
et al., 2008). As mentioned, the anti-lipolytic effects of these receptors are well
documented and thus the results obtained were expected. However, this is the
first demonstration of these effects in a 3D adipocyte spheroid platform, thus
providing additional validation of the spheroid model and highlighting its
potential for use in further studies of m-GPCRs. Future work should focus on
understanding the endogenous ligands of these receptors in situ, i.e. through
stimulation of lipolysis releasing fatty acids or triggering succinate release by

hypoxia, rather than exogenous application of artificial ligand concentrations.

The incorporation of inflammation to the SGBS spheroids through
supplementation with TNF changed the gene expression profile of select
adipogenic and inflammatory markers, and affected adipocyte function by
reduction of insulin-stimulated glucose uptake. Although non-significant, a clear
trend was observed that addition of TNF reduced the viability of SGBS spheroids.
The concentration of TNF used here was selected based on literature reports
from in vitro studies using TNF to induce insulin resistance in SGBS or 3T3-L1
adipocytes (Stephens et al., 1997; Ruan et al., 2002; Massaro et al., 2016;
Quarta et al., 2021). It is likely that these conditions could be further optimised

for example by reducing TNF concentration, using a low-glucose medium, or
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addition of hypoxia (Lo et al., 2013; Odeniyi et al., 2024) to achieve the desired

inflammatory phenotype while maintaining spheroid viability.

A further consideration in these studies is whether the concentration of TNF
used is appropriate to model the chronic low-level inflammation associated with
metabolic disorders. It is well known that levels of circulating TNF are increased
in obese and diabetic individuals (Pfeiffer et al., 1997; Katsuki et al., 1998;
Tsigos et al., 1999; Zahorska-Markiewicz et al., 2000; Bruun et al., 2003;
Olszanecka-Glinianowicz et al., 2004; Eswar et al., 2024). However, the specific
concentrations of TNF measured can vary dramatically between studies, with
values ranging from 1.6 to 21.7 pg/mL in lean individuals, and 2.9 to

238.6 pg/mL in obesity, with differences dependent on sex, ethnicity, and
distribution of adipose tissue (Pfeiffer et al., 1997; Tsigos et al., 1999; Eswar et
al., 2024). Consequently, the concentration of TNF used in in vitro studies using
adipocytes can also vary considerably, with concentrations ranging from

100 pg/mL to 20 pg/mL and concentration dependent effects reported for
inhibition of adipogenesis (Chae and Kwak, 2003; Cawthorn et al., 2007),
reduced insulin sensitivity (Stephens et al., 1997), and enhanced lipolysis
(Kawakami et al., 1987). It may therefore be valuable to determine whether the

TNF-mediated effects recorded here are also concentration-dependent.

In this study, RT-gPCR was used to assess changes in gene expression caused by
addition of TNF. It was found that expression of the pro-inflammatory chemokine
CCL2 was significantly upregulated, with a modest, non-significant increase in
IL-1B expression. A logical next step would therefore be to quantify the levels of
these released cytokines in the spheroid supernatant using ELISA or similar kits.
Expression of adiponectin and GLUT4 were significantly downregulated after 14-
day TNF treatment. Adiponectin is a hormone secreted by adipocytes which is
thought to improve insulin sensitivity by a series of mechanisms (Fang and Judd,
2018), and GLUT4 is the primary glucose transporter responsible for insulin-
sensitive glucose uptake in adipose tissue (Bryant et al., 2002). Together,
therefore, this may suggest that TNF treatment would result in an insulin-
resistant phenotype. This is indeed observed in the glucose uptake assay.
Interestingly, the downregulation of these markers is less pronounced after 24h
TNF treatment compared to the 14-day treatment, however the reduction in

glucose uptake is greater with the shorter treatment. In the literature, there are
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limited studies investigating prolonged TNF exposure over several days, with
most studies tending to compare TNF treatments at shorter time courses of 1-
24h (Massaro et al., 2016; Avelino et al., 2024; Odeniyi et al., 2024). In 3T3-L1
cells, it has been reported that 13-day incubation with TNF reduces insulin-
stimulated glucose uptake compared to 24h treatment, driven through an
increased basal glucose uptake level and reduced GLUT4 expression (Stephens
and Pekala, 1991), with subsequent studies suggesting that no further reduction
in insulin-stimulated glucose uptake is achieved with TNF treatments longer than
96h (Stephens et al., 1997). It is therefore unclear why the glucose uptake
response measured here in 3D human adipocyte spheroids was further reduced in
adipocyte spheroids treated with TNF for 24h compared to 14 days. One possible
explanation may be that 24h treated spheroids may have a slightly elevated
basal glucose uptake level (Stephens and Pekala, 1991), thus resulting in a
reduced fold increase in glucose uptake measured compared to 14 day TNF-
treated spheroids. Alternatively, compensatory mechanisms may develop
following prolonged TNF treatment, for example upregulation of other
components of the insulin signalling cascade, which improve insulin sensitivity in

this system.

Perhaps the most intriguing finding was the observation that the FFA4 receptor is
upregulated following acute TNF exposure. This could support the hypothesis
that FFA4 is a key mediator of communication between adipocytes and
macrophages (Duncan et al., 2023); the presence of TNF may indicate to the
adipocytes that infiltrating macrophages are near, and FFA4 is upregulated to
prepare for long chain fatty acid signalling loops promoting anti-inflammatory
and anti-lipolytic effects. Macrophages may also provide their own source of long
chain fatty acids, including arachidonic acid, through hydrolysis of phospholipids
by phospholipase A2 (PLA;), which could feasibly activate FFA4 on adipocytes
(Christiansen et al., 2015) although this has not yet been fully investigated
(Duncan et al., 2023). This again highlights the critical need for better methods
to study complex m-GPCR signalling dynamics in physiologically relevant
systems. Expression of HCA; and SUCNR1 were not measured in this experiment

but should be investigated in future work.

This initial study of a pro-inflammatory microenvironment in adipocyte spheroids

also indicates how much additional work is required in this field to build from
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the effects of a single cytokine to complex multicellular systems. As a follow up
to these experiments, | would first progress to studying the effects of a
conditioned medium from human macrophages such as PMA-differentiated THP-1
cells (Tsuchiya et al., 1980, 1982). From there, it may be possible to build to a
transwell model where adipocytes are cultured in close proximity to

macrophages before progressing to a direct co-culture model.

Beyond the technical challenges with completing such complex experimental
setups, such as identifying a suitable culture medium for co-culture studies,
there are also significant biological challenges to address. Inflammation
throughout differentiation of preadipocytes has been shown to inhibit
adipogenesis in 3T3-L1, SGBS and primary human cells (Constant et al., 2006;
Yarmo et al., 2010; Keuper et al., 2011b). It is therefore possible that
conclusions drawn from these studies are not due to comparisons between
inflamed and non-inflamed adipocytes, but comparisons of mature adipocytes to
preadipocytes. Although it is possible that development of insulin resistance in
vivo is driven by reduced adipogenesis (Gustafson et al., 2015; Moreno-Indias
and Tinahones, 2015), it would be valuable to assess the relative contribution of
reduced preadipocyte differentiation to the effect from mature adipocytes.
Therefore, the time at which inflammation is incorporated must be carefully
considered to ensure conclusions are valid. In this work, the adipogenic markers
assessed in the RT-gPCR experiment were slightly downregulated in the 14-day
TNF treatment compared to control, although this was only significant for
adiponectin and GLUT4 already discussed. The expression of FABP4 and FFA4
were not significantly reduced, however it is possible that their modest
reduction is due to the TNF-treated spheroids not differentiating as effectively
in the presence of inflammation. Again, an improved quantitative measure of
lipid accumulation would aid in answering this pertinent question by clearly

separating this aspect of differentiation from expression of adipogenic markers.

Several studies have investigated the effect of inflammation on SGBS cells in 2D
using various methods. Addition of 10 ng/mL TNF for 18-24 hours was shown to
reduce GLUT4 and adiponectin transcription, increase expression of
inflammatory markers CCL2, CXCL-10 and ICAM-1 and inhibit insulin stimulated
glucose uptake (Massaro et al., 2016; Quarta et al., 2021), consistent with the

findings presented here and with earlier work investigating similar responses in
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3T3-L1 adipocytes (Stephens et al., 1997; Ruan et al., 2002). Treatment of SGBS

cells with macrophage conditioned medium followed by direct co-culture with
THP-1 macrophages resulted in impaired adipogenesis when treated throughout
differentiation, but also demonstrated impaired glucose uptake, lipogenesis and
insulin signalling after only 24 hours of treatment (Keuper et al., 2011b, 2011a).
There has been less reported on the effects of inflammation on adipocyte
spheroids, although one study reported impaired metabolic function of 3T3-L1
spheroids when treated with TNF (Turner et al., 2015) and a further investigated
the interaction between macrophages and adipocyte spheroids from primary
human sources, although did not report the effects on adipocytes (Shen et al.,
2020). A more recent study also showed that 3T3-L1 spheroids treated with

2.5 nM TNF for 24h somewhat mimicked the proteomic signatures of primary
white adipose tissue obtained from diet-induced obese mice (Avelino et al.,
2024). There is therefore clear scope for further investigation of the pro-

inflammatory microenvironment within complex 3D adipocyte systems.

In this chapter, a series of optimisation experiments were carried out to
facilitate transfection of adipocytes with genetically encoded biosensors to
measure m-GPCR signalling. Although expression of a mNG-NLuc reporter
construct was possible using the lipofection and PElI methods, these approaches
were not sufficient to allow measurement of arrestin recruitment in
undifferentiated or differentiated SGBS monolayers using a plate reader. This is
consistent with literature reports where lipofection is typically used only for
expression of small constructs such as micro or short interfering RNAs in SGBS
cells (Enlund et al., 2014; Landgraf et al., 2020), rather than large DNA
constructs such as those that encode fluorescent proteins. To overcome these
issues and maintain the advantages of lipofection approaches over other
transfection methods (notably cost, accessibility and safety), one group has
conjugated PEI to nuclear localisation peptide sequences and showed this
improved transfection efficiency in 3T3-L1 and primary human ADSCs (Park et
al., 2015), offering a novel solution to this challenge. The apparent
improvement when using mRNA transfection in differentiated SGBS adipocytes is
perhaps unsurprising. It is thought that the lipid droplets present in adipocytes
act as a barrier preventing effective translocation of genetic material into the

nucleus; this step is not required with mRNA transfection (Conry et al., 1995;
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Qin et al., 2022). mRNA transfection has therefore been proposed as an effective
alternative to DNA transfection in difficult to transfect cell types including
macrophages (Van De Parre et al., 2005; Chandra and Philips, 2018), neural stem
cells (McLenachan et al., 2013) and several cancer cell lines (Juncker et al.,
2023), consistently achieving higher transfection efficiencies and viability than
DNA transfection controls (Van De Parre et al., 2005; McLenachan et al., 2013;
Juncker et al., 2023). It has also been reported that electroporation with mRNA
constructs leads to higher transfection efficiencies than chemical transfection
methods (McLenachan et al., 2013; Juncker et al., 2023), suggesting this may be

a promising direction for future transfection optimisation of SGBS spheroids.

The polycistronic NBA biosensor, where the Lyn11-LgBiT and SmBiT-Arr
constructs were separated by a self-cleaving P2A peptide sequence, was
designed to improve the NBA assay in adipocytes by only requiring a single
plasmid to be transfected. However, the performance of this biosensor was poor
in HEK293-T cells, with a smaller fold response following addition of TUG-891
than the original two component biosensor, likely driven by an increase in the
baseline signal. It was not determined whether the increased baseline signal was
due to incomplete cleavage of the biosensor peptide or simply a higher
transfection efficiency of this plasmid. This may be tested by using a western
blot to establish whether transfection of the NBA plasmid results in a protein
band of appropriate size to be a fusion of Lyn11-LgBiT and SmBiT-Arr as well as
the individual components, alongside further optimisation of DNA transfection
amounts and comparison to other polycistronic separation motifs. mRNA
transfection of the biosensor was unable to measure arrestin recruitment in
differentiated SGBS cells, although this experiment was missing a key control in
that the HEK293-T cells did not express the FFA4 receptor and therefore a
response to TUG-891 could not be observed. If progressed, these experiments
could be repeated in Flp-In 293 cells stably expressing the FFA4 receptor to
confirm that mRNA transfection of the NBA biosensor can measure arrestin

recruitment.

The electroporation transfection method was more successful, with expression
of mMNG-NLuc obtained in both undifferentiated and differentiated SGBS cells
and spheroids. Arrestin recruitment measurements were possible in

undifferentiated SGBS monolayers with overexpression of FFA4 but have not yet
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been obtained with endogenous FFA4 expression in adipocytes, or in spheroid
cultures. Again, this is consistent with literature reports where electroporation
and/or nucleofection approaches have shown success in transfection of SGBS
cells (Schweiger et al., 2012; Kassner et al., 2020) and in other adipocyte cell
models (Dugail, 2001; Okada et al., 2003; Zaragosi et al., 2007; Granneman,
2008). However, the transfection efficiency was still low. This may be due to
non-optimal electroporation parameters; electroporation of differentiated
adipocytes typically uses a lower voltage than is possible using the Neon
transfection system (Dugail, 2001; Okada et al., 2003; Granneman et al., 2004).
No literature protocols were found which used the Neon for electroporation of
differentiated adipocytes, potentially as this method requires cells in suspension
and adipocytes are notorious for poor re-adhesion once harvested (Strnadova et
al., 2024). The work presented in this thesis therefore likely represents the first
successful protocol to electroporate differentiated adipocytes using the Neon
system, with the advantage that the spheroids are maintained in suspension.
Furthermore, although there are examples of spheroid electroporation in the
literature, these typically involve custom or modified instruments including
microfluidic chips and have largely been used to model delivery of
chemotherapeutic drugs (Gibot et al., 2013, 2020; Bregigeon et al., 2022). This
is therefore also likely to be the first example of spheroid electroporation using

a widely available, unmodified device.

While the transfection efficiency achieved for SGBS adipocyte spheroids was too
low to successfully investigate GPCR signalling in plate-based assays, there are
examples of single-cell and microscopy-based applications where genetically
encoded biosensors may still be used despite this low transfection efficiency.
Genetically encoded BRET and NanoBiT biosensors have been studied at single-
cell or subcellular resolution using microscopy to measure aspects of GPCR
signalling, including arrestin recruitment, internalisation and intracellular
trafficking (Namkung et al., 2016; Hattori et al., 2025). It may therefore be
feasible to use the traditional or colour-shifted NBA biosensors developed in
Chapter 3 to measure arrestin recruitment in the small population of
successfully transfected cells using BRET microscopy in 2D SGBS cultures. While
BRET microscopy is likely to be technically challenging in 3D spheroids due to

the requirement for confocal or light sheet microscopy to obtain high resolution
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images of intact spheroids, there are examples of genetically encoded FRET
biosensors used to measure glucose concentration (Maioli et al., 2016), apoptosis
(Anand et al., 2015; Weber et al., 2015) and AMPK activity (Chennell et al.,
2016) in spheroid cultures. It may therefore be possible to combine a FRET-
based GPCR biosensor such as the SPASM (Malik et al., 2013) or G protein
dissociation (Janetopoulos et al., 2001) with the spheroid transfection protocols
developed here to measure m-GPCR signalling in single cells within the SGBS
adipocyte spheroids. This would therefore allow further investigation into the

function of these receptors within a complex in vitro model system.

Ultimately, the best approach for expressing the biosensor constructs in
adipocytes is likely by viral transduction, which has been successful in SGBS cells
(Fischer-Posovszky et al., 2012; Iwata et al., 2012) and adipocyte spheroids
(Shen et al., 2021). Briefly, these methods involve packaging of the desired
construct in a non-replicating DNA virus which can infect the target cell,
allowing effective expression of the construct in a transient or stable manner
depending on the specific viral vector used (Glover et al., 2005). Typically,
adenoviruses are used for transient expression of constructs whereas lentiviral
vectors facilitate stable integration of the gene of interest into the host cell
genome (Yudaeva et al., 2024). In the case of adipocyte spheroids, it is possible
that stable integration of the construct is preferred, as this would allow
transduction of the SGBS preadipocytes before spheroid formation and allow
expression to be maintained throughout differentiation (Collon et al., 2022).
Unfortunately, it was not possible to set up the requisite safety approvals for
viral transduction experiments within the timescale of this project. It is possible
to generate cell lines stably expressing a gene of interest through transfection
with PEl and following a traditional single-cell clonal selection protocol (Longo
et al., 2014). However, given the limited differentiation capacity of SGBS cells
discussed in Chapter 4, it is likely that by the time a clonal cell line is obtained,

the SGBS cells would no longer be able to undergo adipogenesis.

Overall, in this chapter | have demonstrated that SGBS adipocyte spheroids
represent a novel platform for studies into m-GPCRs in a physiologically relevant
microenvironment, through pharmacological modulation of adipocyte function
and incorporation of inflammation through treatment with TNF. | have also

highlighted the challenges with expressing genetically encoded biosensors in this
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system, but demonstrated that electroporation can introduce fluorescent
proteins into preadipocyte and adipocyte spheroids, thus offering a potential

avenue for further optimisation.
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6 Final Discussion

Metabolic diseases including obesity and T2D are a major global healthcare and
economic burden affecting over 1 billion people worldwide (World Obesity
Federation, 2025). These diseases are typically caused by excessive
accumulation and subsequent dysfunction of adipose tissue, leading to impaired
metabolic regulation and severe downstream consequences for patients (World
Health Organisation, 2021, 2025; Institute for Health Metrics and Evaluation,
2024). Low-level chronic inflammation of adipose tissue is an important hallmark
of metabolic disease and is thought to be a key driver in the development of
insulin resistance (Artemniak-Wojtowicz et al., 2020; Rohm et al., 2022).
m-GPCRs responding to metabolites released from autocrine and paracrine
sources may facilitate communication between adipocytes and infiltrating
macrophages (Husted et al., 2017), and therefore targeting these receptors may
be a promising strategy to develop novel treatments for metabolic disease
(Duncan et al., 2023). However, there is a pressing need to develop new tools
and experimental models to better understand these complex metabolic
signalling networks in physiologically relevant cell systems. In this thesis, | aimed
to develop and characterise a novel 3D human adipocyte spheroid model,
incorporating features of the in vivo adipose tissue microenvironment, while
maintaining the benefits of in vitro systems. Furthermore, | endeavoured to
design and integrate a genetically encoded biosensor which would allow real-
time measurement of m-GPCR signalling and therefore improve our

understanding of m-GPCRs in adipose tissue function.

In Chapter 3, a series of genetically encoded biosensors were developed to
measure different aspects of the GPCR signalling cascade using the FFA4 long
chain fatty acid receptor as a model. By using bystander NanoBiT split luciferase
technology (Dixon et al., 2015), these biosensors could measure real time mG
protein binding and arrestin recruitment of unmodified receptors with a single
wavelength measurement. Furthermore, preliminary experiments using colour-
shifted NanoBiT biosensors demonstrated the potential of these biosensors to be
used in multiplexed assays to simultaneously measure GPCR activation in co-
cultured cell types or from different cellular compartments (Lan et al., 2012;
O’Brien et al., 2025). However, attempts to express these biosensors in SGBS

adipocytes reported in Chapter 5 proved to be challenging. Poor transfection
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efficiencies were achieved despite extensive optimisation in undifferentiated or
differentiated adipocytes using PEI, lipofectamine and electroporation
approaches using DNA or mRNA cargoes, in either monolayer or spheroid
formats. This therefore prevented the use of these biosensors to measure the
activity of endogenous GPCRs in more physiologically relevant cell types during

this project.

This technical difficulty was perhaps unsurprising, as pre-adipocytes and mature
white adipocytes are notoriously challenging to transfect, in part due to their
high lipid content hindering access of transfected DNA to the nucleus (Dugail,
2001; Park et al., 2015; Romanelli and Macdougald, 2020). Ultimately, viral
transduction methods are likely required to achieve higher efficiency when
expressing biosensor constructs in adipocytes, although questions remain about
the optimal timing of transduction. Adenoviral transduction would likely improve
expression of constructs in differentiated adipocytes (Béréziat et al., 2005;
Bates et al., 2020), however the transient nature of this expression would
therefore require transduction of intact, differentiated spheroids. It remains to
be seen whether this would only facilitate expression in the outermost cell layer
of the spheroids or penetrate deeper within the spheroid core, and what impact
this may have on any results. Conversely, lentiviral transduction facilitates
stable integration of the construct into the genome of cells (Yudaeva et al.,
2024). This would therefore allow transduction of cell monolayers which could
then be used to form spheroids expressing biosensors through their entire
structure and throughout the differentiation process (Collon et al., 2022). This
strategy would therefore allow investigation of how m-GPCR signalling dynamics
may change during adipogenesis, and provide further mechanistic insight to the

role of these receptors in adipocyte function.

If suitable transfection efficiencies are achieved, genetically encoded biosensors
could be used to answer pertinent questions about FFA4-mediated long chain
fatty acid signalling loops in adipose tissue. For example, to assess autocrine
signalling of long chain FFAs in adipocyte spheroids, the NBA or mG biosensors
could be used to measure FFA4 activation in response to exogenous application
of individual or combinations of FFAs, or FFAs released following stimulation of
lipolysis. Similarly, to investigate whether FFAs released from macrophages

could signal to adipocytes in a paracrine manner, FFA4 activation could be
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measured in response to conditioned medium from e.g. THP1 macrophages, both
with and without PLA; stimulation triggering release of long chain FFAs through
hydrolysis of phospholipids (Murawska et al., 2024). These experiments could be
completed at different stages of adipogenesis and with incorporation of
inflammatory mediators (or activation of macrophages using e.g. LPS) to assess

differences in signalling due to phenotypic changes in the spheroids.

Some success has been achieved generating 3T3-L1 adipocyte cell lines which
stably express genetically encoded biosensor constructs to measure GPCR
signalling (Vita, unpublished). However, to create clonal cell lines where the
biosensor is integrated into the same genomic location across the entire cell
population, the cell line must be generated following isolation of a single
expressing cell (Longo et al., 2014). As discussed in Chapter 4, SGBS cells have a
limited capacity for differentiation above a certain number of population
doublings (Wabitsch et al., 2001). It is therefore likely that SGBS cell lines would
have reduced differentiation capacity following single cell isolation and
expansion, therefore limiting their utility as a model of mature adipocytes.
However, as discussed in Chapter 5, the transfection efficiency already achieved
by spheroid electroporation may be sufficient to measure m-GPCR signalling

using FRET biosensors in single cell microscopy experiments.

In this thesis, SGBS cells were the only adipocyte model used for transfection
studies. As discussed in Chapter 5, the limited use of these cells in the wider
literature meant no published protocols were identified which reported efficient
transfection of DNA into these cells using chemical or electroporation-mediated
methods. It would therefore be pertinent to attempt transfection of alternative
adipocyte models such as 3T3-L1 cells (Okada et al., 2003), ADSCs (Park et al.,
2015), or immortalised brown adipocytes (O’Brien et al., 2025) for which
successful transient DNA transfection protocols have been reported, to validate
whether these biosensors are effective in measuring m-GPCR activation in
adipocytes. It is also important to note that the bystander biosensors designed in
Chapter 3 are not specific to the FFA4 receptor, and therefore have the
potential to measure signalling of other GPCRs in physiologically relevant cell
types which may be easier to transfect. Indeed, these biosensors have already
been used to investigate the pharmacology of the FFA1 receptor (Valentini et

al., 2025) in HEK293-T cells, and this work could be expanded to insulinoma cell
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lines (e.g. MIN-6 or INS-1), which have higher transfection efficiencies (Ohsugi et
al., 2005; Gong et al., 2015) to investigate FFA1 signalling.

In Chapter 4, a 3D adipocyte spheroid model was generated by seeding human
SGBS pre-adipocyte cells in ULA plates and differentiating them into mature
adipocytes. Characterisation of this model system using a range of imaging
approaches, analysis of gene and protein expression, and functional assays
demonstrated that SGBS spheroids undergo adipogenesis, demonstrated by
accumulation of lipid droplets and expression of adipogenic markers at both the
gene and protein levels. Additionally, differentiated SGBS adipocyte spheroids
could complete characteristic adipocyte functions including B-adrenoceptor-
stimulated lipolysis and insulin-stimulated glucose uptake. Critically, throughout
this project, several experimental protocols were generated and optimised;
these may now be employed when using 3D adipocyte models to answer
pertinent questions about adipocyte function and dysfunction in metabolic

disease.

Biologically, SGBS adipocyte spheroids appeared to have an asymmetric
differentiation pattern, where cells around the outside of the spheroid
accumulated larger lipid droplets and express higher levels of adipogenic protein
markers than those in the spheroid core. No evidence of hypoxia was found in
the centre of spheroid structures, although this conclusion may be confirmed by
comparing HIF-1a expression to spheroids cultured in low oxygen conditions.
Furthermore, more lipid droplets were observed on one side of the spheroid than
the other, possibly thought to be a consequence of spheroid differentiation in
the 384-well ULA plates. Comparison of these findings to alternative methods of
spheroid generation such as magnetic levitation (Daquinag et al., 2013) or
hanging droplet (Klingelhutz et al., 2018) techniques may address this
unanswered question. Expansion of these findings may include use of -omics
approaches such as single cell RNA sequencing (Tang et al., 2009; Jovic et al.,
2022) to investigate broader transcriptomic changes occurring during
adipogenesis, as well as clustering of cell populations which may express

different genes based on their position within the spheroid.

In Chapter 5, it was shown that m-GPCRs affect the lipolytic function of SGBS

adipocyte spheroids, with addition of succinate and niacin as agonists for the
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SUCNR1 and HCA; receptors respectively leading to a significant inhibition of
isoprenaline-stimulated lipolysis, consistent with previous reports (Zhang et al.,
2005; Regard et al., 2008). It was also shown that addition of the FFA4 inverse
agonist AH7614 reduced lipid accumulation of SGBS adipocytes in 2D consistent
with results in 3T3-L1 cells (Alshammari et al., 2025), however attempts to
repeat this finding in spheroids were not conclusive. Advancement of this work
may require further technical development of spheroid assays, for example a
quantitative measure of differentiation based on lipid accumulation or spheroid
size, to identify more nuanced changes in adipogenesis following treatment with
m-GPCR compounds. The contribution of m-GPCRs to adipocyte function may
also be investigated by using siRNA knockdown or CRISPR-mediated knockout of
these receptors in SGBS cells (Lee et al., 2013a; Tews et al., 2013; Chen et al.,
2020; Kamble et al., 2020) and measuring the resulting effect on lipolysis,
adipogenesis and other adipocyte functions such as glucose uptake and adipokine

secretion.

Finally, addition of the cytokine TNF to adipocyte spheroids demonstrated
altered gene expression profiles as well as a reduction in insulin-stimulated
glucose uptake, perhaps modelling a pro-inflammatory phenotype more
representative of metabolic disease. It was found that expression of the FFA4
receptor was significantly elevated following an acute treatment with TNF,
perhaps supporting the hypothesis that paracrine signalling of fatty acids through
the FFA4 receptor may play a role in communication between adipocytes and
infiltrating immune cells in metabolic disease (Duncan et al., 2023). The
functional implication of this finding is yet to be elucidated, but in the first
instance it may be interesting to determine whether the limited effects of FFA4
compounds observed in the lipolysis assay are enhanced if spheroids are first
treated with TNF. Taken together, the SGBS spheroids developed and
characterised here have allowed the function of m-GPCRs to be assessed in
adipocytes, but further work is required to more clearly define the specific

mechanistic contribution of these receptors in metabolic disease.

The SGBS adipocyte spheroid platform developed here has many potential
applications to address unanswered questions about adipogenesis and adipocyte
function. For example, it would be interesting to determine whether currently

approved obesity therapeutics such as GLP-1 receptor agonists have any effect
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on gene expression, glucose uptake or lipolytic function of adipocyte spheroids.
Similarly, the model could be used to measure the effects of other substances
such as chemicals, drugs, or nutrients on adipocyte differentiation. There is
some current literature suggesting microplastics may act as human ‘obesogens’,
with exposure to these particles potentially driving the increasing prevalence of
obesity (Kannan and Vimalkumar, 2021). The SGBS adipocyte spheroids could
therefore provide an opportunity to investigate the effects of microplastics on

adipogenesis in a physiologically relevant human cell system.

3D cell culture models incorporate more features of the in vivo
microenvironment than traditional 2D monolayers with more physiologically
relevant cell-cell contacts, nutrient and oxygen diffusion gradients and physical
forces than traditional cell culture on plastic or glass substrates (Baker and
Chen, 2012; Jensen and Teng, 2020). A major limitation to this work is therefore
the lack of comparison between the 3D cell models with either 2D cultured
adipocytes or ex vivo adipose tissue samples to validate that this 3D model does
in fact better recapitulate features of primary adipose tissue than monolayer
cultures. Similarly, it would be beneficial to compare spheroids generated from
SGBS cells, 3T3-L1 cells and human primary adipocytes to assess whether the
human SGBS cells do behave more like the primary human cells than the murine-
derived 3T3-L1 cells. Although literature reports have suggested 3D adipocyte
culture more closely resembles in vivo tissue morphology, gene expression and
lipid composition than 2D alternatives (Turner et al., 2018; Shen et al., 2021;
Wolff et al., 2022; Umetsu et al., 2024), this finding has not been confirmed for
SGBS cells and should therefore be validated for this particular model system.
Similarly, although differences between 3T3-L1 cells and human adipocytes
including SGBS cells have been widely reported (Soukas et al., 2001; Wang et al.,
2014; Morrison and McGee, 2015; Rossi et al., 2020), these have not yet been
investigated in 3D systems. That said, these experiments are likely to be
technically challenging due to the inherent differences in culture conditions and
assay protocols between the different samples, making it difficult to avoid
confounding variables. For example, the adipocyte differentiation cocktail for
SGBS cells is chemically defined whereas differentiation of 3T3-L1 cells requires
supplementation with FBS containing an undefined combination of bioactive

molecules (Dufau et al., 2021). Furthermore, differences in functional responses
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between 2D monolayers, 3D spheroids, and tissue biopsies in e.g. lipolysis assays
will be difficult to compare directly and will likely need normalisation to a
parameter such as (viable) cell number, DNA content, or protein concentrations,

thus introducing further complications to the experimental conclusions.

Further development to this adipocyte spheroid model will ultimately depend on
the specific research question being posed. To achieve a more complex in vitro
adipose model that better recapitulates the complete adipose tissue
microenvironment, additional cell types could be incorporated into the current
spheroids to generate more complex organoid systems. For example, addition of
endothelial cells could facilitate formation of vascularised networks between
adipocytes (Muller et al., 2019), neuronal cells could be used to investigate
innervation (Saarimaa et al., 2025) and co-culture with macrophages would
incorporate more aspects of the immune system (Taylor et al., 2020).
Furthermore, these organoids could be grown in microfluidic devices to research
the effect of fluid dynamics on the model (Brooks et al., 2017; Loskill et al.,
2017; McCarthy et al., 2020) or be embedded into tuneable hydrogels to better
understand the role of the extracellular matrix in adipogenesis or mature
adipocyte function (Muller et al., 2019; Pieters et al., 2022; Ky et al., 2023).
Additionally, organoids could be incorporated into multiorgan-on-a-chip devices
to investigate crosstalk between adipose tissue and distant organs such as the
liver, intestines, or brain (Viravaidya and Shuler, 2004; McCarthy et al., 2020;
Picollet-D’hahan et al., 2021). Thus, there is clear scope to expand this work
into more complex bioengineered systems to address more varied questions

about adipose tissue dysfunction in metabolic disease.

Conversely, for higher throughput applications such as compound screening in a
drug discovery cascade, significant effort is required to overcome the technical
challenges encountered during this project. The availability of cellular material
was a concern throughout this work, with the slow growth of SGBS cells coupled
with their inability to differentiate at higher passages limiting the potential
throughput of experiments. It may be that an alternative, better characterised
cell model such as 3T3-L1 cells are better suited to high throughput studies
(Hino et al., 2011; Tsui, 2022). Furthermore, large numbers of spheroids were
required to be pooled for many of the experimental approaches used, and

therefore a method of spheroid generation where large numbers of spheroids are
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formed in bulk, such as hanging droplet (Klingelhutz et al., 2018) or spinning
flask cultures (Wrzesinski et al., 2021), may be more appropriate for subsequent
studies. Finally, the long and laborious manual spheroid handling processes may
be addressed through incorporation of automated liquid handling approaches,
with or without inclusion of a hydrogel matrix to reduce spheroid loss (Graham
et al., 2019). Therefore, although there is potential for adipocyte spheroid
models to be used in high throughput drug screens, this is likely to require

significant optimisation and reworking of the findings presented in this thesis.

Finally, if the intended purpose of the research is to translate any findings more
directly to clinical samples, it may be sensible to transition from the SGBS cell
strain to spheroids generated from patient-derived primary cells. Within this
project, it was possible to obtain primary human ADSCs from a female patient
undergoing breast reconstruction surgery. These cells could be grown as
spheroids and differentiated using the same protocol as SGBS cells, except with
a reduced number of 2000 cells/spheroid due to the limited total number of
cells available (Figure 6.1). Using phase contrast microscopy, an increase in
spheroid size was observed during differentiation with some cells appearing to
move out of the spheroid, analogous to observations with SGBS cells (Figure
6.1A, Figure 4.4). Confocal microscopy using a BODIPY fluorescent lipid stain
indicated the presence of lipid droplets in differentiated ADSC spheroids which
are absent in undifferentiated samples (Figure 6.1B). Again, this is consistent
with SGBS spheroids (Figure 4.5), with ADSC spheroids perhaps showing larger
lipid droplets, although it is not clear whether this is due to the different cell
type or differences in spheroid size. ldeally, these preliminary findings should be
expanded to further studies comparing gene and protein expression as well as
spheroid function between ADSC and SGBS spheroids. This therefore
demonstrates that the experimental approaches optimised for SGBS spheroids
can be directly applied to primary human ADSCs, highlighting the translational
potential of this project.



249

Day 0

Day 7

Undifferentiated

Figure 6.1 - SGBS cell protocols also enable generation and differentiation of primary
human adipocyte spheroids. Primary human adipose-derived stromal cells (ADSCs) were
isolated from donor adipose tissue, plated in ultra-low adhesion plates to form spheroids, and
differentiated according to established SGBS cell protocol. A) Phase contrast images of ADSC
spheroids at the indicated day of differentiation. Scale bar = 100 um. B) Representative images of
undifferentiated (left) or differentiated (right) ADSC spheroids which were fixed, stained with
Hoescht (blue, nuclei) and BODIPY (green, lipid) fluorescent dyes and imaged using a Zeiss
LSM980 confocal microscope with 40X oil-immersion objective. Scale bar = 20 pm.

In conclusion, the data presented here describes the development and
characterisation of a novel human 3D adipocyte spheroid model generated from
SGBS cells. This platform has allowed the investigation of m-GPCR function in a
more physiologically relevant microenvironment than traditional 2D cell culture,
and future incorporation of genetically encoded biosensors will allow further
dissection of the complex GPCR signalling networks within adipocytes. Overall,

this work provides a strong foundation for future studies investigating the
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mechanistic interactions between metabolic and immune cells in metabolic
disease, ultimately leading to the development of novel therapeutics to ease the

global burden of these diseases.
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